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ABSTRACT

<

o + ~ . . . . . . .
fhe roles of twilight portions of photoperiods, dawn and dusk, -in

the entrainment of the locomotory activity of the cyprin:d Coucsus

plumlows (lake chub) wer @ examined,

When C. plumbeus were Kept under phptoperiods with duplicated

natural twilights, the rhasing of the beginning of their activity,

relative to sunrise, displaved a birodal annual pattern that was corre-

lated with scasonal changes in twilight duration and spectral gharac-

"

teristlcs. The end of max. aal activity, relative to sunsct, had a

unimodal pattern that was consistent with scasonal changes in daylength

and total light cnergy in twilight. No annual

of activity were evident in {ish entrained by scasonally appropriate

photoperiods that exeladad twilights, *

patterns in the phasing

The locomotory activity of (. plunbeus consisted of a number of

diverse behaviouralecomponents. The Locomotory behaviours were mot

o

cquivalent to the circadian activity parameters of birds and mammals

normally investigated in the iaboratory. The overall activity of C.

pluonbeus was distributed in sub-components or 'bouts' of 6 minutes to

5.5 hours total duration. These bouts fit -a non-randeon Gamma -(y)— —

frequency-duration distribution. Under simu}ated and natural photo-

periods there were significant seasonal changes in mean activity bout

lehgth, 1.4 and 1.7 hrs for winter and summer, respectively, as well as

distribution characteristics. There were no significant seasonal

changes under photoperiods without twilights.

A free-running civcadian thythm of locomotory activity of C.

plumbeus was evident under constant conditions.

v

Fish that were. entrained-



under photoperiods with twilights had signitidant seasonal chanyes inj
. . | !

i

. ¢ {

. . . L ‘ |
period Tength (tau), 23.0 and 21,5 hours for winter /;md sunmmer, / /
. . ' “ u
respectively.  Fish that were entrained under photoperiods without //

twilights did not display any significant scasonal flifferences in thf:’

. . B . . . ) . . o
tength ot the free-running period. Changes 1n tﬂu/wcrc interpreted jas
1 ) ,
being after-effects of the more stringent and procﬁ5c entrainmont 0{
i

activity under photoperiods with twilights.s

- The roles of the vavious spectral components [of twilight in th

entrainment of the activity of C. plwribeus wére eyamined. Determina

of action spdetra for entrainment and behavioural linduction were carti
regions of twiligh

out. Rates of energy change of specific spectral

as well as spectral intensity ratios, were used as|cues to phase the

bBeginning of activity. \Concurrent ablation studiecs| indicated that \ .

.

entrainment was mediated by the lateral cyes, the plmeal, and other

extra-ocular photoreceptors,

Scasonal and daily changes in twilight componentis of natural

. N -

photoperiods functioned as exact cues to phase and entrain the activity

of C'. plwmbeus. These entruained behavioural componentls served as an

—taetivity—templatet—thatgould-be-medified—by other-stdchasticvari=

ations in the aquatic -environment., - - \

‘ o o
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Chapter [

14
INTRODUCTTON

.

All organisms show cyclic or rthythmic variations in their

behavioural and physiological functions. Tt is now penerally accepted

that daily rhythms have an endogenous component that acts as some form

of oscillatory S)""stom (Biinning 1973; ’h"O\\'CVC],‘, sce Brown 1976 For an
altgrnative explanation). The most substantial evidence for such an
LLQR{"()‘QCIIOL}S system is the domonstr;l‘t ion Q{ a free-running 1‘I1ythm‘umle1‘
constantA condit'}ons “which husi a pg*iod closc ,;to, 'but not eoxactly, 24
hours. The approximate 24 hour rhythm is termed circadian and the
frec-running period (FRP) is designated by tau (T). ;

Circadian processes are synchronized with cach other und with the

.
» L

environment on'botﬂ daily and scasonal bases. Periodic envirommental
chungos‘that are abie to synchronize or entrain djf{ferent bioiogical
“cycles nrc‘khown as Zélﬁgcbcrs, cues, or entraining agénts.. For
circadian rhytth the major entraining agent is the- daily cycle of
illumindtion or photoperiod. Circadian entrainment involves both
phase and frequency control. Th circadién pcriod is transformed to
the‘period length of the exogeno@s cycle, T, in a definitce phase

® ) - 2
rclationship (¥). Photoperiod is the only environmental periodicity
?hgt is known to ent}ain all circadian rhythms. Rhythms of poikilo-
therms can also bevcuedaby other environmental tactors, the most

prominent (})f these bcing temperature and acoustic cycles (Blnning

1973). | RV



The daily cyvele of illunination or photoperiod is composed of
L \

daylipght and twilight components alony with night perviods.  The majority,
of laboratory and freld studics of photoperiodically catrained activity,
which have been primarily carriced out with bivds and mammals (sce review
by Daan and Aschoff 1975) have ther ignored twilichts or only given

\ ¢ .
them cursory attention. Yet there is cevidence that twilipght is vf-

. ® . \\‘ - ' . - .

cricial importance in contralling dircadian cvents.  Kavanau and
co-workers (Kavanau 1962, 19067, 1968, 1909, 1971; Kavanau and® Peters
1974, 1976a,b; Kavanau and Ramos 1975) obscerved that many mammals are

cithetr most active at particular twilight intensitics, o use dawn and

dusk as cues for setting daily activity. Similar evidence has been

obtained for o role of twilight in the activity patterns and community

Chgngoovcrs in ‘coral rcef fishes (Hobson 1973) .
l More theoretical analyses of the voles of twilight in the timing
of the activity of birds and mammils were carried oﬂt by Wever (1967),
Aschotf (1909), and Daan and Aschoff (1975). Their studies showed
.that twilights wore involvod'in‘thc entrainment process.

Results and conclusions from all these studies are limited by
incomplete characterizations of twllight.‘ Scasonal changes in twilight
properties othér than duration were not considered. Laboratory
duplications often were only approximatc and poorly defined. Anaiyses
of the roles of twilight \yn photoperiodic ontyqinmenf have been
completely neglected with fish. |

The present study was undertaken.l) to determine the general roles

of twilight in the éntrainmcnt'of the locomotory activity of the lake

chub, Couesius plwmbeus, -and 2) to examine the role(s) of different



twilight components in \ll‘CL‘I‘lIlil‘lin}'_ the daily periodicity and entrainment
of the activity of ¢. plienlon:. Underteking these objectives also

entailed: 1) thn} examination in detail .of the daily po'riodi,cit:y and
entrainment of the locomotor activity of Concsiue plrdows, and ) the
ol)scrv;}ti;m ot scasonal changes in the entrainment and activity of the

lake chub. |



Chapter 11
MATERTALS AND METTHIODS

AL Experimental Animals and Study Area

Coacsias b (Apassiz), the species of evprinid used in this

study, has been described by Scott and Crossman (1973) . Its range
extends {rom the northern United States through most of Canada.  Typical
habitats where it is found are streams, lakes and rivers. Various

aspects of the general and reproductive biology are. described by Ashan

2

(1966a,h), Brown ct ale—f1970), Scott and Crossman (1973).>

The oxperimental {ish were obtained by bi-weekly scining from the

North Saskatchewan viver and the conflucnce of Whitenmud Creek at

’

Edmonton, Alberta (53°34'N; 173°20"W) as well as at a site 0.25 km
further downstream, These sites gre described i Appendix [, In

winter all collecting was limited to the latter downstream site as it

was the only portion of the river that was not frozen over.- A~ 15 M bag

seine (5.0 M bag and 1.0 cm mesh) was used for collecting the Fish,

Tmmediately after being caught. tish were transported to the University

of* Alberta and trunsterred to holding tanks set at predetermined
light-dark cycles and water temperaturcs.  The temperature values were
based on scasonally appropriate field values listed insAppendix I.
The fish were fed daily at a random time with a commcrcially prepared
diet (Purina Trout Chow, Ralston Purina, St. Louis, Missouri). The
entire collecting and transport operation usually took less than one

) :

1
hour. Collecting was done at various times of the day and evening to

reduce. sampling biases for either diurnally or nocturnally active



52

£ 4

individuals and species of ish.  The number(s) of lake chub relative
to the total number of fishes and species caught luctuated monthly
The exact proporvtions and nunbers of Cish caupht arve provided in

Appendix T.
Co pliebeds were placed in transluscent, non-reflective opaque, «
A
pltexiclass tanks (60 x 90 x 30 c¢m) under a twilight simulator described

on page 31. The tanks were fitted with an adjustable water {low
(0-50 ml min~ 1) that could be set to any desirved temperature (Appendix
). Normally water temperature wis maintained close to that found in

the river (¢ 27C). Experiments were done with. and without gravel

substrates present in the tanks. Feeding in the!experimental situations

-

was -carricd out at random times to prevent in:ulv"“ortont cuci.ng‘bf

activity. Fish that were not lmmediately used for ngtivity determina-

tioﬁs were plucéd in cither indoor holding tanks (90 x 90 x 60 cm) set

to natural photoperiod lengths (LD, on-otf photoperiods) or were held
. . . .

outside in behavioural observation tanks (2.0 m diam; 20 cm depth).

.

B. Characteristics of Photopem"ods and Twilights

Twilight, cither at dawn or dusk, is cssentially the interval
sepastting daveime illumination from that of night. Photoperiod-is a
general term that describes the light fraction of the day; it may orv

may not include twil{ghts. Sunlight, daviteht, or (lay]ongt‘h""is

specifically measured from sunrisc to [sunset,

Irradiance is the measure of light encrgy that is uscd to describe
2 .
photk\)criods and twilights in this study. Irradiance is defined as the

intcns\i\ty of a light beam falling on/a surface and is expresscd in

. <



\
. , : . o . . . Lm0 -
terms of cdergy per unit ared per incident’wavelength (uw <m fonm by,

[rradiance was measured at 25 nm intervals (350 to 750 nm)iwitgh an 15€0
"

spectroradiometer (Instrument Specialties Company, Lincoln, Nebraska)
and a research spectroradiometer (International Optics, Cnllfompin).
A1l envrpy values presented wewe measured by the author, unlcss\

’ 4

specifically stated otherwise.
Spectral irradiance, when measured with the detector surface

normal to the zenith, provides a v liabtle estimate of the actual \,

spectral/energy distributions of available Llight during twilight
: . !
|

~
(McFarland and Munz 1975).  For daylight comparable estimates are
obtained only when the sun's altitude is fairly high. Therefore, only
3 N : -

noon time (1200 hrs Mountain Standard Time (MST)) spectral encrgy vilues
arc prescented.  Radiance only describes the light encrgy from a
particular portion of the sky. Both cnergy measurcs can he presented
as integrated energy fluxes over a defined spectral range;, e.g.
350-750 nm for 'visible' light. Integrated total 'visible' irvadiance

is the value used in the plots of total energy that arc presented in

[

this study.

1

"

Spectral cnergy can be described in terms of spectral composition”

(wavelensth A or frequency V = ¢y and quantal number (photpns

n o ¢ x h Y ¢y where h = Planck's constant 6,624 x 107 ?7¢rg scc 1
¢ = zpecd of tight (2.96 X 10" 10¢cm sec”!). Photon number posscsses a
- - . - . . °

direct lines. rela-ionship to frequency, but is inverscly and non-
proportiondt -1, d to wavelength. Spectral maxima are shifted to
lowver freque i oxprcgsod\in quantal rather than cnergy units.

. : ‘ \ o .
Dartnall (1975 wat spectral radiation /should be preferentially

;
/ 1

[¢



desceribed in photon and Crequency wnits, e ;nguosts that these brovido
a more veliable indication of the offective or functional uhnfdctcr—
istics of solar vadiation. However, the relative mevits of rhogc.nnirs
still remains moot. In this study light characteristics are primarily .
doigrihcd in teems oF_phCir wuvclongths»und ;pcctrul onorgiqs,‘thcsc

being the calibration units of the spectroradiometer. Occasional

references and conversions to photon values ave~made. )
Underwater spectral energy readings were obtained by using the
[SCO spectroradiometer with a light probe and cosine collector to

collect diffuscly distributed radiation. Continuous rccords of total

‘
'

surface tadiation integrated drom ;QO nm to 0.3 m were also obtuined
with an Epﬁlcy pyranometer. Thé?c records were used as A cheek on thc
: ~

sensitivity ofAthc other detectors and were not’ used for any nnulysosﬂ

Representative exanples of the ’vfsiﬂlo' spectral energy distribu-
tions of daylight on clear and overcast dqfs are provided in Figure 1. :
Overcast days are defined as having complete, unbroken, cloud tover. \\\
The spectral energy distribution has a maximum at approximately SSO'ﬁm.
Cloud cover causes a rclative eﬁhunccmont in the red (600 nm) portion
of the spectrum and a relative reduction in the blue (400-500 nm).
However, the relative maximum at 550 ﬁm is pot ;omplb;cly climinated.
The midday spectral- composition rcmaiﬁs relatively constant throughout
the year. The total 'visible!' incidcut'cncrgy and photon numbers,
which are ~wctions of the altitude of the sun, display significant
scasonal fluctuations (Fig. 2). : 1

The spectral energy distribution present in the night sky is

primarily dependent on moonlight (Rozenberg 1966). At Edmonton, total



1.

Examples of spectral energy distributions (uw em 2 nr 1)

at noon (1200 hpSﬂMST). Clear days ( ); overcast
Adays (----- ), April 23 anid April 27, 1975, respectively,

Since similar spectral distributions are proesent throughout

the year, only onc is presented as an illustrative example.
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S

Fig.. 2. Annual changes in total spectral enerpy (350-750 nm;

’
in yw cm—g) at noon (1200 hrs MST). Bach point
represents the mean of 3-7 days.  Data arc provided

for cleur (~———) and overcast (----- ) davs,

1y
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Jincident cnergy varvies from'nﬁproxihuro!y l X 10_5 to 1 x 1077 yw em ?
for moonless and tull moon conditions, respectively.  Tn the early part
of the night (3-4 hrs after sunscet) spectral energy values are maximal
at 500-600 nm. This maximum gradually shifts to lbngor wufolonuths,
with red (600 nm+) fCrom starlight becoming more prodominant in the
later portions oft the night.

Twilight is produced by the movement of the sun below the horizon
with an accompany iy scattering sunlisht in the Qwrth's atmosphere
and attenuation of direct solar radiation. Twilight s arbitrarily
divided into civil, nuuticd}, and astronomical portions (Fig. 3)

3

3

(Rozenber 1966) . These are defined in gorms of the position of -the
sun below the horizon: -6°, -12°, und —18°,.rcspoc§chly, for the
aforementioned divisions. At high latitudes, including Ldmonton,

‘ ST,
during the summorv(Jun—Aug) there is ﬁ continuum of nstronpmjcnlrto
nautfcnl twilights withoﬁt any. truc night periods. Civil twilight has
a bimodal annual pattern, being shortest during spring and fall (Fig. 4).

During dawn there is an ;ltorntibn of épcctral Edmpositioﬁ from
night to that of“full daylight, with the reverse processcs occurring
at dusk. These two processes are basically sy.aecrical and describing
one is sufficient to charactqri:c the othor (i woeryg 1966) .

In dawn, during .the astronomical to nautical twilight transition,
tﬁére is initially a fise in cnergy in the 750 nmvrcgion followed by“
a relative decline in the 400-450 nm-rcgion (0.5 x 107" toISTS X 1074
and 3.6 x 107" to 8 x 1073 uw cm 2 réspectivelf).

At civil twilight_light at the 500-600 ﬁm region shows a

relative increase and light at 750 nm a reclative decline in energy



Fig.

3

D

'Schematic! illustration of the arbitrary divisions of

&

; twj]ight after Rozenberg (1966).. Sample light energy valuces

«

(uw cm 2 550 nm ') from ¢lear mornings and cvenings on
April 23 and April 24, 1975, respcctively, are plotted

as a function of the altitude of the sun. The solid-line

(-6°), and sunrise/sunsct (0°).
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¢

Scasonal changes in daylength or davlight (...) nﬁd the

10ngths>of civil and nautical twilights (---) qt‘53° 34" N
latitude. Note the bimodal annual patterns in both twilights.
WS = winter solstice; VE = vernal equinox; SS = summer

solstice; AE = autumnal equinox.
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(Fig. 5). However, the latter is sti!'l a prominent coaponent ot the

spectral composition. With the coming of sunrise the spectrum blends
' »

into a full daylight spectrum.  The reverse spectral procedures occur

At dusk. Tnoall cases therve is a veduction in the yellow-orange

(550-650 m) components of the spectrun and relative cnhancement of

the ved and blue (100-500 nm) and to a lesser degree an edhancement of

the blue-green portions of the spectrum.  The decltine in yvellow-orange
spectral rompo&gnts results from a specitic absorption by ozone
(Chappuis cffect) pro;cnt in the increased amount of atwospheres through
“which ;}u11ight must pass before it strikes t110h51n‘ﬂ1c0 of the carth
(Rozenberg 1966) . This results in the relatively increased horizontal
 'rcdnb5s' and 'blucness' from diffuse skylight.

These same general patterns of change occur throushout the year.
The exact positions of twilight vqﬁponcnts relative to sunrisc and
sunset-vary in a bimodal annual pattern that is consistent with the

annual duration of twilight and its rate of change. Spring and fall

twilights are antipodal in direction but essentially similar in their

shift in spectral energy distribution and change. The two equinox -

twilights,‘thc shortest civil twiliéhts of thﬁ ycar, can be considered
as being .cquivalent in structure and form.

Thcré are daily and seasonal variations in the relative durations
and rates of chanﬁc of the various spectral compéncnts of twilight.
Spectral, cnergy, ﬁnd quantal characteristics do not change at uniform
rates during twilight. For cxamﬁle; Figure 6 shows the lower the

encrgy at 510 nm the greater the rate of change in energy. These
N

relationships are only valid for the encrgy levels found in twilights.



. PIPR R -
oo Spectral composition and energy values (uw cm” 7 onm” 1)

before and after sunset during civil twilight on a

clear day. Values are for June 18, 1974, Similar,

chanpes (not illustrated) are also scen at dawn,
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Absolute rate ()‘{Z intensity change at 510 1 (v cm”? scc—])

N

plotted as a/Tunction of spectral energy values found

during d:nn/;md dusk.  The solid line (—) is based on

mean rayes of change obtained during the course of the
/ '

/ .
year [(h = 42). The dashed lines (---) represent the 95%

confadence limits of the best fit.
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11‘ spectral energy vatios also show seasonal and divi ly changes.  For
exanple, the FR/R (l':n‘«rml/r‘u‘l; Y30/600 nm) encrgy ratios shown in
Fipure 7 display sitpniticant seasonal patterns of change and occurrvence
relative to =unrise and sunset.,

The air-water interface cstuﬁlishos several important Fv:tnros of
the underwater illumination {(Smith 1969}, Firstly, the 180° aerial
horizon is reduced to 97.67. This causes the sun to rise and sct at
an apparent zenith distance of 48.5°7, instead of 90, Sccondly,
incident light r:q)ﬂglly becomes lC?Q?'(liI§3Cfi()ﬂ:ll as it penctrates the
water. Thirdly, the sun's disc is nlgcrod from a point source to a
dispersion pattern whose angular composition varies with alt
Puring most of the day the undcrwaécr light distribution patte
divectional, being dependent on the altitude of the sun and its vith
position. This divectional distribution of light is reduced by the
presence of clonds. bAt dawn and dusk there is no longer a distinct
carca of highest intensity at horizon,’but rather a brighter arca
associated with the zenith. The uniformity of this pattern increascs
as fwilight deepens until a homogenous ligﬂt distribution is rcached.

This homogencity is augmented by the presence of clouds.

In the North Saskatchewan River there is a shift in the spectrum

[

of light towards maximnl transmission at shorter wavelengths

(500-600 nm) and a reduction in the fotal and relative spoct-ral encrgy
with increasing dcpth. Extinction is not the same tor all spectral
components. However, the overall spectral distribution does bocom‘e,

£/
more monochromatic than that of the incident sSurface light (Fig. 8).



ig.

Far rod/ryd (FR/R 730/600 nn) Spchru] intensity ratios
at different times before and nftor'sunriso and sunsct.
Civil twilight exists upproximnfc]y during the 40-00

minutes before and after sunrisg and sunsct (sthFig. 3).

Fach point is based on the average of 5 ratio valucs.
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Fig. 8. Example of spectral energy distributions (pw cm” 2 nm—l)
found during civil (carly 20 minutes, late 40 nantos
to sunrisc, respectively), nautical, astronomical
tﬁj]ights and full moonlight at the N. Saslatchewan

River. ——— represents surface readings; -----

A represents readings from 10-cm below the surface.

Values are dawn August 7, 1975,
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During twilight the relative reduction in yellow-orange spectral

components is not as pronounced as thut‘for surtace ilhmination.,
. . :
Spectral intcr\lsity’ chanees, theiv rates, durations, as well as overall
spectral alterations Tollow the surface solar radiation mmli!'iczléions
(sce Fig. 8). Scasonal altcfutions_in 5pcctru1’rutios and rates of
change in spectral enevgy are the same in clear shallow waters as the
Jues that are found at tho,surfggc. The similarity to the incident

surface spectral alterations and composition permitted initial
replications of the underwater spectral nltcrnt?ons in twilight to be
based on the more precise and readily ohtniﬁublo surtface irrad®ance
measurcments ; 2

The properties of underwater light can be modified by gho follow-
ing limnological factors (Wetzel 19755: 1) water dcprh, 2) turbidity
and water colour, 3) hottbm composition and reflectance tnlbcdo),
4) wave action, 5) flow rate and flow vclocity, 0) water temperature,
7) primary production, and 8) ice cover.

There is a reduction in spectral energy and transmission with
depth. The maximnl transmission spectrum shifts to green-light:
(Munz and McFarland 1975). The exact trunsmission.spectrum is
dependent upon the dissolved and/or particulate material present.

N [

The dissolved particulate material, particularly phytoplankton,

v

absorbs blue and green wavelengths and can reduce the relative
yellqy—orange spectral minima seen in the surface twilight spectra.
. <3 .

Diurnal and seasonal variations also exist in silting and can .

contribute to alterations of light transmission, though other

. ) )
stochastic environmental fluctuations can overrule the more regular
)

%



”

etffects (\ppendix ). In this gtndy the efffects of water quality and
particulate material were minimized by using clear water for all
oxiﬂ'rian011t:1l duplications and taking light measurcments from velatively
turbid-free shoal regions of the river. % Actual spectral intensities

found in twilights can vary bhut the ratestof energy change and ratio
~ |

components remain velatively unaltered.

At shallow depths both tncident and veflected light (albedo) have
to be considered in determining light levels. Use of the cosine
collector incorporates components from both sources but still leaves
some crror. At the collecting arcas the river bottom was fairly

) B ' . .
uniform, maintaining a constant reflected light level, Thas all
‘recorded Tight changes could be divectly related to surface iL&uminu—
tion alterations.

ITce formation veduced spectral intensity and transmissioh of
light. Reliable light measurements could not be made from the . 1lons
of the river that were frozen. During ice formation therc was a shift
towards transmission of longer wavelengths that was accentuated by
the. presence of surface snow. At the beginnine of ice formation,

. ,
intensity reductions were not significant since there was a simultane-

ous freezing from the river bottom and consequent increcase in reflected

flight.,fAt spring break-up there is a very dramatic and rapid shift

in illumination intensity that can be compared to the initiation of a

prolonged pulse of light,

C. Laboratof}‘Light Duplications

P
<

The lféhting svstem used in this study duplicated natural twi-

light conditions (see Fig. 9). The system was based on features



290

described by Kavanau (1062, 1966, 1908) and Wever (1967) in theirv
'dnwnmdusk.ﬁuchinos'. Netther Kavanau or Wever were roncthod with
exact scasonal duplications of twilight. Only approximate lFCl)liLWltl()nS
of nutural twilight dlll%lt,i(nis and occasionally the rates of change of
intensity were carried o : by them.  For instance, they veported all
light intensitiecs in photometric units, ignoring spectral changes that
occurred during dimming. ll()\\"<"\/'(‘1‘, with sltight modifications to their
systems it was possible to produce exact veplications of intensity
and spectral changes octurriﬁg dl rwiligﬁts.

The system used in khis study consisted of the tollowing major
components: 2 day-lite or &ita—litc f}uoroéccnt Lighrs (100 and 150
Watt; Sylvania Elcctric,-Toronto); 2 incandescent lights (30 Watt

Sylvania) (uscd only after "burning in' period); o dimming ballast and

{k

assoclated circuitry to control lamp intensity; and a logarithmetic-

linear potentiometer driven by a variable speed motor (Fig. 9). The
» X

lighting system was placed over an cnclosed plexiglass tank (60 x 90

X 30 cm) and shiclded from external disturbances.

By judicious adjustments thc rates of change in intensity and
spectral composition could Cloéely'approximato the natural twilight
conditions (sece Fig. 9). Secasonal alterations in the rates of
intensity change could be corrected by adjusting the log-linear ratios
of the potentiometer-motor combination. . -

As dimming occurs the spectral composition of the fluorescent lamps

“shift, closely approximating changes found during dawn and dusk. The

addition of incandescent lights duplicates far red/red changes and to

!

a lesser degree other portions of the spectrum. Placement of Kodax

3



Fig. 9. Diagram of apparatus used to duplicate twilights,

(Electronic components are listed in Appendix V0)
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Wratten Cilters (No. 7 Blue, No. 3 Greeng Kdduk, Toronto) “in front of
the lipghts provided an additional means of manipuloting spectral output.,
Hovover, all of the scasonally occurring combination: of surface
spectral components could not be duplicated with equal reliability.
Any discrepancies present were determined by continuous recording of
light and line voltage outputs.

Underwater spectral changes were a very ¢lose upproximntion.of
the natural situnrion. Some of the surfuce incousistencies were
climinated by the underwater compression of the spectra, Shilts in the
ultitﬂdc of the sun conld not be duplicated. However, the uniform
11lumipation pattern, both at the surtface and underwancer, permitted the
dupljc;ltvd light to be considered as representative of overcast days
(Fig. 10).{'

‘Photopcriods with twilights are represented by, ond nhhfuvintcd
to, LD+t. On-otf laboratory photoperiods without twilights arc
represented by LD, The light-dark transitlons are sct cither to

sunrvise-sunset or civil twilights. The same settings were maintained

within a pet of experiments. Light measurcments taken from different

portions of the experimental tanks indicated thot illumination was

cvenly distributed under LD+t and LD lighting conditions. .
J ) N R

D. ‘Methods of Activity Determination

Locomotor activity_uf C. plwnbeus was determined by scveral
diffqront means: 1) direct visual observation, 2) photographic/film
records, ) ultrasonic, and 4) electropotential detection methods.,

Visual and photographic observations of the activity and

behaviour of Couesius plumbeus werc made at both random and select



Undervater (10 ¢m depth) energy valuces for 450 nm
(pw.cmhz] in experimentally duplicated twilights (—)
and actual twilights (---). The latter are for an

overfast dawn on June 12, 1975,



Log spectral energy (pw cm- 450nnd
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30-60 minute intervals, ()h::cr\r'?ltion:; were carricd out with {Tish held
in outdoor tanks under natural sky ligﬂ\Liluz as well as with individuals
in laboratory tanks under LD+t and LD photoperiods, filming of nbriviry
was contined primarily to obscrvation of the structure of schools of
fish and veritication of the accuracy of the clectronic methods.  Since
photographic techniques IHLO\'OLI to be unreliable under low or changing
light levels, they were not usced for any éxtcndod observations,
Ultrasonic methods of detecting activity have ba\.én used previously
with fish (Cummings 1963, Mcetfert 1968, Byrne 10713} . HQWQVQF, these
carlier applications were restricted to cither (i) dor¢ction of the
movement of fish past a fixed rofcfcnce point, or (ii)‘thc recording
of unspecified activity of lavge fishes for limited periods of time.
The ‘methods used and described in this thesis permit the detection of
movements of fish in all portions of the experimental t:1‘nk. The
ultrasonic systems all function on the same bdsic principle, that is;
detection of alterations in a standing wave puftern of ultrasound
(Cummings™ 1963) . ' ' %ﬁ ‘ D .
A piezoclectric, uitrasonic transducing clement, 2 cm in diameter
(Massa Model TR-t, kaghamh Mass.) was attached with silicone grease
to cach outside end of the tank (Fig. 11). The associated circuit
(Fig. 12)‘wns mounted oin rubber blocks to reduce vihration and was
shiCIde by a Faraday cage to minimize clectrical disturbances. The
operating voltage, GV at 250 ma, was dravn from a stabilized power
supply. Positive and negative outputs from the circuit were connocfed‘

’

to a chart or an event recorder. The negative lead was connected -

through a variable resistance (0-100 Q) acting as a fine sensitivity



Fig. 11. Diagram of apparatus used for activity determinations.
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Fig. 12. Circuit diagrams of electropotential and ultrasonic
detection systoms. The clectropotential circuit is

adapted from Drummond and Davis (1974},
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control, and a-capacitor (100 ybkd) Fﬁnctioning as an intepgrator.  Some
integration of Tesponses was Ilccossfnqi\dlcn the trun5ah1cor‘lm§qxn1dcd

; . o
moré rapidly than the vecorder. The tanks, Faraday cage,. power supply,
and recorder were all conncctod,to a common ground.

. . ‘JJ

One pictoclectric trunxdu@er served as transmitter of ultrasound,
at an operating frequency of SF Kilz, while the other element functioned
4s a receiver.  The operating frequency of the transmitter could be
adjusted from 15-50 Kilz by ‘the tuncable coil (Phillips potcore No, 237-A

Amstervdam) . Low energy, high fgﬁqu&ncy, ultrasound has no reported
or detfectable effect on the uctivitytor behaviour of fishes, “The
vopcrnting frequency of 35 KHz is well above the upper detection \
threshold of fishes of 3-5 Niz -(Tavaloga 1971).

The transmitter set up a standing wave pattern of ultrasound in
the tank. A portion of this'pattorn was detected by the receiving
olcme;t and transformed into é recordable voltage output , 5t_appfoxi—
mately 100 mV, With a fish in the tank the wave pattern and-yoltagc
output were constant as long as the fish remained stationary. Ey
Jocreasing the sensitivity .through an increase in fesiétancc;
responsiveness of‘the apparatus to rospirafory gill andvpéstural mdvc-
ments could bé elir ~2d and only éross overall activity would be
recorded. With a reduction of detection sensitivity disturbances
caused Ey diffuse water exchange and agration in the tank did not
intfoduée significant (less than 20 my) fluctuations on the chart
records., ’ X |

: .

Resistance was adjusted such that when a fish moved both the

phase and frequency (by Doppler ‘shift) of the standing wave pattern



changed, altering the received pattern. Thcsc~g]tcrutions were geasured
as a change in the voltage lvvci.by 20 to 100 mV and represented by a
peak on the chart vecording (Figs. 13 and 1.4) . Morve dotnilcd Soerip-
tions of the Doppler shift I)Finclplg are provided by Mettert (1Uo5).
Calibrations, contvols, and }ntcrprctutinns‘of rhe activity recorvds

will bo discussed after operation ot the clectropotential method is
considered,

The clcctropotcntial method of detecting activity also’ involved
the recording of voltage changes caused hy- the locomotory motion of
fich., . These altcrnﬁions weve induced byvthcvmovomcnt of a fish in the
tank- altering a naturally occurring electric botcntial (50 to 200 m\v).
The exact detection and operating techpiques ave described by Spoor et

| ‘
al. (1971).

A stainless steel clectrode, 10 ¢m in length, was placed at cuch

end of the tank. These clectrodes mcasured an equilibrium pofcntial

. 3 -
that was then rccorded and transformed to approximately 100 mV. When a
fish moved this potential was altered by 20 to 100 mV, and a pcak was

'

obtained on the chart recording. A balancing circuit and amplifier

(Drumﬁond and Dawson 1974, and see TFig. 12) were uscd to adjust the
sensitivity and obtain unidirectloﬁal'positivb voltage shifts. A
‘capacitor (400 uld) acted‘as an'integrator to compensate for récorder
response time. The sensitivity of the circuit could bé‘adjustcd so
. -y

that gill, respiratory, postural movements, along with aeraticn and
filow of water into the tank were not detected. .

The electropotential method, which 1s technically simplcr than

the ultrasonic procedure, was used more extensively for the detection



Examples of locomotor activity of (. plionicue obtained
wjth u]t?asonjc techniques and recorded at a high
Ehhrt spead (0,025 cm sec '), Water temperature 12°C;
12:12 1h; L 125 uw cm 2 (350-750 nm). Simidar results
were obtained with the electropotential techiriques

(sce Fig. 14).
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Fig. 14. A Exauples of \’él.]“iOllS loc".(nnoror)' behaviours of
C. plwicus recorded with the clectropotential
detection system (6°C; 9:15 LD).

B Examples of various locoﬁbfory behaviours of
C. pZu;bqu recorded with the electropotential
detection system (12°C; 15:9 LD).

C Examples of various 1ocomot0ry behaviours of

) ' C. plumbeus with the ultrasonic detection

system (8°C; 12:12 LD). N

~ (Cont'd)

.
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D-F  Examples of various lTocomotory behaviours of
o . \
C. pluribenws recorded with the electropotential
detection system (10°C; 12:12 Lb).

G- Example of control clectropotential record
obtained with no fish but with aeration in the

experimental tank (10°C).

s
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of activity. [lowever, as will be shown, the \'(;ltilgc and chart
¢ .

results/records obtained by the two nethods were qunl‘it;lt'i\'ol)' and
qunntitutY\‘ly the same.  In the results presented no distinctions are
made as to which method was used to record the ﬂcrivity‘of ooplienbeus.

The height and number of peaks recorded by both dbfoctfﬁn methods
were approximitely proportional to the degree and total amount of
activity, respectively, of the fish (sce Figs. 13 and 14). Thesc
Tclntidnships were cestablished by visual observation and/or filming
of f"i.sh» activity while recording their locomotory motion.  -The height
of the peak was, within the l:ailts of integration, proportional to

the strength or extent of the swimming activity. Continuous activity

greater than 30 scconds gave a continuous set of "peaks, as the phase
of the received ultrasound or the clectrode potont%nl wns.constnntly
changing (Fig. 14). Highly concerted bursts of motj%n resulted in a
Sﬁmmution or integraﬁion of a number of rapid (less than 1 scc
durationf consecutive voltage outputs into a single larger discharge
value. After a single swimming motion or 'burst of uctj:ity'.therc
were scveral transient véltago peaks.(lcss than 20 mV) the 1ct number
depending on the scnsitivity of the detector (sce Fig; 13). Thesec
smaller peaks werc discounted as sources of activity: Hlowever, these
transient peaks and overall variations in voltage levels prohibited
the use of‘evcnt rccordefs such as the Esterline-Angus, that are used
with studics of the locomotory activity of birds and‘mammals. Event
recorders indicate either a maximal responsc or no response.  They

do not permit the determination of gradients or discontinuities in

activity.



Deterninations of the sensitivity of the detector systems were
achicved by (i1 observing the wmotion of both the same and different fish
and noting activity and corrvesponding chart records, and (ii) artifici-
ally displacing water at difterent bortions of the tank and noting chart

responses.  The results obtained by the two clectronic methods were

)

virtu@lly‘oquivulcnt (Table 1). ‘The placement of clectrodes inside
the tank did not significantly affect or alter the laboratory behaviour
of ¢. pliewbens. The magnitude of the peaks or voltage values, total
number ol pcuk; recorded for cquivnlcﬁt movements or disturbances, were
not significantly different between fhe two methods (Mann-Whitney U ////
test p > 0.50). Sensitivity could bc adjusted to obtain equivalent
results with different water fcmpcratures.

Locomotory activity could be dctcctc&‘nt\ull portions of the
tanks, with muximul‘sonsitivity being along tﬁc sides of the tanks
and minimal sensitivity on-the planc connecting the transducers or
clectrodes. -Theso disparities in sensitivity were minimized by
adjusting the relative positions of the two detectors. (However, this
reduced .information about the cexact ‘location of the fish.) The
locations of the detccfors were determined by trial-and-crror procedures
and had to be .readjusted for sig¢nificant changes in water character-
istics.( All-determinations of activity were carried out'with clear
water. Under turbid conditions settl of particles and dlterationé
in suspension characteristics introduced spurious and shifting fesults.

The outputs of the detecting systems were recorded without any

fish in the tank. A single base-line, displaying occasional drift,

/
I

was obtained (see Fig. 14). There were small voltage disturbances



Table T. Comparison of activity recopds, expressed as mil

Ffor different behaviours of o

as obtai

ultrasonic and clectropotential recording techni

50

Livolts (mV)
ned by

ques.,

Behavioural Catesory and Voltage Level
(Mean and- Range)

{mVv)

Position Limited

movement

txploratory

ad justment

Ultrasonic! 29 (22-36) 38 (35-45)

“Electro-~

potentiall 30 (23-37) AL (34-47)

hehaviour

75

(50-100)

79 (50-105)

15k1n11~\ﬂ11(110)' U test reveals no significant d

vilues obtained by the two recording techniques (p 0.40).

1 ference

between



{(1-5 m\), but these were bhelow the amplitudes necessary tfor classifyving
them as activity. ‘lhese voltave shifts were primarily the result of
clectrical disturbances and did not have any coffect on the total
activity determined.  These control measurements woero rm‘pczlio(l at
various times throughout the vear.

Activity was continuously recorded at velatively high chart speeds
that 1‘:111310?1 From 0.25 to 0.0025 cm sec 1. Por analysis, peak totals
WCI‘L; summated over 1 to 30 minute intervals. The time interval used
depended upon the factor(s) being investigated.  This procedure reduced
the unwicldiness of the records and pormirtod‘computﬂr analyses of
activity time scries. Only peaks that met the criteria previously
described were used in the computation of activity totals., (To
.fimpliFy graphical presentations, activity totals were transformed
inio proportional, relative, or arbitrary units.)

For cquivalent behaviours and degrees of motion/acti&jty, the
activity totals obtained by the clectropotential and ultrasonic tech-

—_ .
niques were the same (Figs. 13, 14 and Table 2; Mann-Whitney U test
p > 0.5). Thercfore no distinction has been made between ultrasonic-
ally or clectropotentially rceordcd activity in the subsequent
analyses.,

The use of activity totals gives a partially distorted Tepresenta-
tion of locomotory bohaviour. -The activity of C. pilimbeus occurred in
bursts of several scconds to minutes duration (sce Fig. 14) that were
concerted into longer bouts. (A bout is defined as a period or portion
of activity that has no inactive 'rest! periods gréatcr than 5 miﬁutes

duration.) However, since graphical representations were based on

N



Table 2. Comparisons ob activity totals (10 minute) tor ditftferent
behaviours o o plheddcie as obtained by ultrasonic and

clectropotential vecording techniques,

Behavioural Catepory
(Mean and Range)

Position Limited Exploratory
- ad justment ~ movement behaviour
Ultrasonicl’” 7 (4-18) 13 (11-16) X 28 (21439)
}ilcct;‘o—A Tl e ' ‘ "
Cpotential®?? oL 6 (-8 C L (10-17) 26 (19-41)
ST . .
’ -
1 o T . . .
Values ftor ¢F “u/!r- are bgged on a sample of 100 (10 dif-

Ferent in*crvals from 10 dLRferent individual . plienbeus.
‘Mann-Whitney U test reveals no significant difference between

activity totals obtained by the two vecordin ~chnigues (p = 0.50).



activity totals, this discontinuons. nature was not always readily
apparent.  The rapid (30 sec-3 win) discontinuitics were determined
o]
by visual ¢bservation, while larrcer scale alterations were obtained
from computer analyses.,
With practice from concurrent observations of activity and chart

, , ,
records, the behaviours recovded could be determined. However, all
determinations of behavioural composition weve obtained from visual and

Film obsevvations. Comparisons with chart records were used solely as

A check on the accuracy of the detecting system.

¢

©. (General Experimental Procedures

Locomotor activity and héhnviour patterns of s{nglo c. plumbeus
were obscrved and recorded over an annual cycle of photoperiod and
twilight. DPxperiments were repcated for 1974, 1975, and 1976. Twelve
fish were used for cach of the annual analyses. Actual expervinental
procedures were conducted with a greater nuébcr of fish. Theio iatter
individﬁals were used, however, for additional cxpcrimonts.(Appendix I1).
Comparisons were made hetween the activity of freshly captured fish
obtained at the sampling intervals and fish that had been kept under
laboratory photoperiod conditions (LD, LD+t). The exact cxporimentdl
procedures followed for cach of the fish investigated are listed in
Appendix IT,

Two tanks werc placed under the twiligﬁt simulator (described on
p. 31. One (Tank A) was used‘for longer term activity rccordiqg,
wﬁile the other kTank B} was used primarily for fish a;climatidn. Tank
B could be partitiopéd by white plexiglass baffles' into several
compartments’. After 48-72 hrs of dcclima?iﬁﬁ‘igdividuals from Tank B )

i k!

- ;

I -



wore plncud‘into Tank A and activity was recorded fof.ﬂ-s days.
Exchanges of fish were conducted at randon rimés of the day throughout
the year. These changeovers permitted anfﬁyscs for ape, sex, group
size, and cenvirvonmencal differences.

At‘upproximately 1-2 week iatervals new samples of fish were
obtained. Individuals from these catéhcs served as controls, and were
placed under the simulated twilights and their activity was monitored.
Additions of new.animals or a):erations of experimental conditions

. 1
were not carried out at solstices and equinoxes. At select monthly
intervals fish were removed from LD or LD+t and placed updcr constant
conditions (constdnt dark DD or constant light. LL) and thoir activity
was continuously recorded. More spccific‘progcdures followed are

discussed.in the appropriate chapters.



Chapter 111

PRELIMINARY RESULTS

According to aceepted convention the followdPng two criteria have
to be fulfilled in order to demonstrate the prescence of an endogenous

civcadian rhythm (Biinning 1973) . Firstly, the vhythmicity must Persist
-

»

for at lecast 3-7 cycles under constant conditions and have a
free-running period (FRP) designatod Tau (T)of upproximntoly, but-not
s exactly, 24 hours. Seccondly, a 24 hour cnvironmoﬁtal pcriédicity,
spccifically photoperiod or'light—durk (ﬂﬂ) cycle, haJ to be able to

entrain, that is, control both the period and phase of the endogenous

Q

£

cycle,
| :‘4Iﬁ preliminary analyses single C. plumbcus were removed from tﬁe
holding tank and placed in the experimental tank (A) set at a scaéonally
appropriate watcrvtcﬁpcratqre (AppcndiX'I) and under a 12:12 1D cycle
(0.01:150 Hw Cﬁg); I'ish were held under these conditions for § days
uftéf which constgnt conditions, either constunt}dark (D) or “constant
light "(LL), were imposed for 7-10 days. Activify of the figh when
under LD and DD or LL was continuously recorded by . the clectropotential
or ultrasonic méfhddQ Locomotory behaViouf was then plotted as
activity totals over 15 minu%e intcfvals. Theée'proccdurcs were
repeated with 8 differgﬁt fish. |

A sample record of the locomotor activity of a 3 yvear female

C. plwnbeus held under LD and then DD is given in Figure 15A. Under

v e

tl " LD photoperiod a bimodal diel pattern of activity was evident.

With the onset of DD the activity patto-n lost syﬁchrony with the
»

55



Fig. 15. A Locomotory activity record of a single Coucstius

plumbeie under LD (0.01; 150 uw cm” 2 16°C) for
2 cycles# Constant dark (DD} was th. imposod for

10 days &nd activity was contincously | seorded.

3
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60

previous photoperiod and atter approximately o oyeles extinguished to

an appavent mean level of non-stationary arrhythmic activity.

Approximiate 24 hour rhythmic patterns were cvident in the activity
: )

plots from Db and LL conditions (the latter ave not shown). Estimates .
' M
1 .
of period values could be obtained by determining the times between
consccutive maximal activity onscts.
With scrially correlated non-stationary data such as actikity
and behaviapr records it is necessary to employ statistical techniques

that do not rely on independent data samples (nright 1965). lime

series methods, specifically the purjogﬁgyaleEnright 1965), and
) !

qutocorrelation and power spectra techniques (Bendat and Pivrsol 1963;
Dixon 1971), fit these requirements. The pcriodogrums computed
amplitude tor every possible period value that was within the resolution
dimits of the Samplidg interval. A significant period indicated that
a particular frequency was present in'thc activity series. Tor example,
in Figure 15D the pc%iodogram indicates that the activity under DD had
a free-running period of* 25.6 £0.4 hrs. All of the fish held under
DD or LL evinced frec-running rhythms of locomotory activity for at

‘ i ,
least 4 cycles,fthe exact duration varying between individuals and '
constant conditions employed. preliminary determinations indicated
that activity‘u;dcr LL (not shown) extinguished.more rapidly than that”
f1om DD. Therefore DD conditions were used in the majority of subse-
queqt.period analyses. These results show that an eﬁdogenou§ rhythm
with a;pcriod of approximately 24 hours ié present in the activity of A&

- C. pZuﬂf%ﬁm. This;mcets the first criteria for demonstrating the

v
. I".. - s e’ ' ), . - -
existence of an endogcﬂéus rhythm of locomotor activity.
) - " . s ‘, .



When arrhythnic €. phlobons ﬂndcr DD or LL were exposed to 12:14
LD cycles they displayed a diel activity patterp with a period of
upprgximutcly 24 hrs (t 0+10 hrs), This strongly sugeested, but did
not confirm, that photoperiods could‘synchronjzo the endogenous rhythm

/
of activity,

Tn orvder to co#clucivcly show that photoperiods are entraining
activity it is necessary to demonstrate that a phase-shift in the
light-dark cyc¢le is accompanicd by a corresponding shift in the
activity cycle (Bunning 1973). 1In these preliminary cexperiments the
12:12 LD cycles (0.01:110 uw cm™?) were phase shifted 90° (6 hrs) or
180° (12 hirs), all’velative to the initial LD cycle, and subsequent
changes in activity rccorded . (Fig. 16). This procedur: was repeated
with 5 different fish. The rcprcsenﬁativc result presented (see
Fig. 16) indicates that activity shifted with photoperiads.

Phase stability ahd relatively stable phase relationships were
gradu;lly obtained after 15-20 cycles, but approximate synchrony was
evident after 3-5 cycles. Thc criteria usod detormlne entrainment

\
werc a relatively stable relationship betuecn ;h( beginning of
activity‘and the onset of L in the photoperiod a£d the presence of a
24 ﬁour period in activity{ In a study éf the time course of |
entrainment Kra%m (1975) Shéwed that a continuous osciilation in
entrained periods and phase values around §teady—sfate values, in
the form of a limit cycle, existed. According to these criteria it

is evident that the LD cycle entrained the circadian rhythm of

locomotor activity of C. plumbeus.

o1



Locomotory activity of a single Couesius plumbeus under
a 12:12 LD cycle (0.01:150 uw cmhz) that is phase-shifted
A 90°

Activity is in arbitrary units bascd on half-hour

activity totals. Time is in Mountain Standard Time.
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Thcse.prclimfhary experiments demonstrated (i) the existence of a
dicllrhythm of locomotor activity undev LD cveles; (1i) the presence of
an cndogenous cirveadian rhythm of lo;bmoror activity; and (iii) that
the ondogqnous rhythm of lecomotor activity could be entrained by LD

’

cycles, or daily c¢ycles of illumination,



Chapter IV
GENERAL ACTTVITY AND ENTRAINMENT

A. Behavioural Aspects
(i)  TIntroduction o
. .
Responses to eXxogenous envirvonmental factors, including components
of photoperiods, can Qnry‘according to the behavioural and physiological
state of the animal. Without a knowledge of the behavioural composition
of activity a limit is rapidly imposcd on the amount of information that
can be obtained by an examination of cntrainmcnt (Enripht 1970, Menaker
1976) . Thevrefore, a preliminary description and analysis of the

compoitents of locomotory activity is necessary.

(1) Hethods and results .

Quantitative visual observations of a total of 146 single and 20
groups of 8 (. plumbeus were carried out at select 30-60 minute intervals.
Lake chub from the outdoor tanks and lgboratory tanks. held under LD+t
were used. Observations were carried out throughcut the year (1974,

19753 1976).‘ Winterl(DecaMar) obser&afions could only be done cffectivgly
with individugls under artif%cjalﬁLD+t~photoperiods. ‘All observations
were carried out with freshlfwcaptured individuals as well as with lake
chub that had been in the labor. | ~ for more extended periods of time.
Since no significant differences were found betwéen the results obtained
from outdoor and LD+t conditions (Mann-Whitney U test p = d;ds), pooled
results are bresented.

2
Focal animal sampling techniques, ‘that is, observation of Tkey!

appetitive or consummatory behavioural components in a 'single animal,

\>- s

’
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o _ pe . .
were used to maximize the ro}htlvc amount of data obtained from observa-

«
N

tion perjodslof 30-00 min (A}tmdhu 1974) . Film records were used to-
supplement the visual observations of.group behaviour.

The frequency and duration of behaviours were recobded by a
Key-board and 8-channel event recorder (Esterline-Apngus, New York) or
by a tape recorder. Behaviour patterns were classified according to
their appurcntlbiologlcal function(s). Six gencral behavioural
categories were recognized., These categories included: 1) posktion
adjustment and holding ;2)\inter— and intra-spocilic aﬁonistic inter-
actions (chasing, nipping, ctg.); 3) feeding and associated motions;
4) schooling and transitions between schools, aggregates, and
individuals; 5) reproductive and sexually associated behaviours, and

. .
6) exploratory motions.

These behaviours were chosen because they » at least one

the followiny cri%%ria: they were relatively easy to scorce; the séme
gencral types of behaviours were present in all fish; their proportions
varied between different times.of the year: and the categories had

proven useful?in previous studieg_of fish behaviour (Baerends 1971),
The relative contribution of thesé)é behavioural divisions to
total diel loccmstory activity undergoes seasonal (monthly) fluctua-
tions (Fig. 17). ‘During the longef summer photoperiods (May-Aug, with
10-16 hrs total light) a greater proportion of activity, 22% as
compared to 10% (for feeding), is devoted to feeding and exploratory
behaviour. Actual reproductively related behaviours have an extremeiy

limited duration, reproduction being highly dependent on water tempera-

ture and the presence of a proper physical substrate (see Brown et al.

3
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Fig.

17.

Scasonal distribution of the per cent behavioural )
composition of the Jocomotory activity of Co:  “we
plumbeus relative to total activity composed

'

A) position adjustment and limited motion:
B) exploratory motion; C) feeding; 'D) g oap '

transitions (school - aggregate - individual);

E) agonistic; F) reproductive-sexual behaviours.
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1970 for descriptions ot the reproductive biology og C. plwnbews).,  The
to tal amount of time devoted to focdjhg was greate . during iﬁcrcnsing
than decreasing photoperiods of cquivalent lenpth. Tnter- and :ﬁtrn—
specific interactions varied directly with the mobility of the fish

(exploratory behaviour) and proximity of reproductive periods. Posit:

ad justments and very limited motions vavied inversely with the duration
of feeding and cxploratory motion.

Activify was compogcd of a number of shc . t-term componcnts or
'bouts'. There wcre‘scusoﬁu} aiforutions in the length and composition

of the activity bouts. These features of the activity ol . plumbeus

are considered in Appendix ITI.

B. Photoperiodic Entrainment
() Introdue tion

v ‘
Entrainment of diel and circadian thythms involves both phase

and frequency control (Blinning 1973).. The former is expressed in terms

of phase angle (¥) differences. A phasc'angle'is a relative term .

expressing, in cither degrees .w units of time, the distance hetween a

particular point in a biological cycle and some arbitrary rcfcrence

point in an environmental cycle. ~ Reference points in photoperiods are

generally the light-daxk transitions or sunrise am .set. When the

3

biological cycle leads the environmental cytle the rhase angle 1is

defined as positive, whereas, when the biological c¢ycle lTac: behind the

s

environmental cycle, the phase angle is negative® - These relationships

and end

can be defined for the beginning (¥ ) of activity.
: 9

\ (\y .
onset’ offset

Exact definitions and examples of terminology use are illustrated in

<

Figure 18. o v :

v
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'Schematic! of q%nsct’ Woffset’ and the beginning and end

of maximal activity of (. plimbeous.
. - M '/ . ! N : N
A represents the light profile, and indicates the location

of Sbn*.isc (SR), Sunct (S$S) and Civil Twilight ~(CT) . -
' Qo " -

phase point in the daily photoperiod.

1

B represents the activity profil., that is, total activity

summated over 5 minute intervals. The differcnce in

N

minutes between the timing of (Beginnjng of \ctivityw—
éunri&c) and (End of Activity — Sunset) la
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Seasonal changes in the phasing ot the beginning and the end of

Sy ‘ ' ,' {

activity were first ,xlc:;'cxrihcd from annual changes-in bhird activity.
. .. B

Aschoff (1960) >xup0snd Thlt dl\lcnvth -light intensity, and  light-dark
. ratio yere thc main det crminants of sc&sonll phl\C I(fllrlons11px while
Wever (1967) suggested thft't the duration of twilight was 'thc main

L P . -
détermining factor. Both Asehoff'. JNL Wever's supgestions have been

ipcorporated into a joint daylight (1cngth)/twj1jght—du1at10n modcl @f

entrainment (Aschoftf 96“) ~ Some support for this modcl has come 1iom;

analytic studies with dltlflclal §M111whr> (Wost and P hl 1073) and

analysis of the. AQthlIV'Of b11d% and mAmmdls in the ficld: and in the
laboratory under sky lighthg (Daa: and behott lﬁlﬁ) v

' o »Q\_,.\

“‘:‘ .‘stnﬂ ies hlth twilight
RN
have only consldcred du1dt»@n ;ntenblty, and 9uﬂurf1<1411v 11tc§ of
1 g

l

) I
chamge. Qbord%oly studic S\U\U1lly ggvc only very lough applO\metlons
Wy

a : i
ic ma3011t} of th vaforomcntlon‘;

“~
o o

of tw1P&g%& durdtlon often ; casppally inappropriate ,“Whllb fleld
N

Loel £
e ¢ i "

2
studics have bcen Lonfounded by thc effccts of other cnvxronmenti?
b N . &

.varidbf@ﬁi N e 8 o ‘ > - ] ' »

- o » 'tf A ' : N

_ Against this background one can‘ﬁrocccd with thc main e§porimental
b ’ & :

topics of,thls sectlon Flrstly to examlne E&F SCdbOﬂdl course of the

> R N > R

i

4

¥ beub under photoperlods

entrﬂWnnmnt andg hAslﬂg oﬁcact1v1ty of C.

%o *
. W1th .nd \1tho -tw111ghts. Se ndly, to examine the: general roles of

53 f t <]
l Al

- twilight in thc entralnmcnt of the activity of C. plumbeuo.' - N

.

<@ n\/y

‘

]

: !
« twilights were used, allowing ankéxamination of the roles of different
: ¥ . . - .

v ~

components of dawn and dusk in entrainment.

.

In carrying out these objectives scasona11V‘appropglate ‘duplicatéd”

il

&
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actiwity determinations over three ;Rhual photoperiod cycles (1974, &

(11) Mothods (“‘

23
A
-

In ovder to conclusively determine the effects qut\filight,

i,

activity was dbseried through several annual cycles of LD and LD+t.

The beginning an. (wng of maximal: activity (relative to. sunrise and
N oy - ! '

sunset) and be' sioural composition were the primary locomotory

S were also Utlllacd

wariables ob .ved. Fish used in phase
g u.»h Y

P

-

in free-m period determinations (U V). In the study of

circadian tivigy fish that were entrained undergvarious photoperiods

were subject to constant dark for 5-7 duys while their locomotory
d‘ . x . N . .
activity was monitored. They were then returned to normal entraining

photoperiods (LD or LD+t). This procedure was carried out 3-4 times

a year. Subsequcntfnnulyses of the activity and phase relationships
N ' ) . !

of fish were not pertormed until at least 1-2 months after -

o

. R . . . )
re-entrainment. This procedure was followed 1q‘§g1 attempt to ensure

‘ Ly - ] . : S
return to 'proper' synchrony and &liminate transient behaviours and '3? i

phase relationships, . o - - o

A coR\letc 1nnua1 cycle of actl%lty was not determined for any - h%_

flbh because of'th above mqnlpulato1y prouesses as well as .
('”’ ‘
lxmwnatAonb on thc number of fish/that could be monltomod at any one
ey

tlme. ~Every flsh used for phase analysis was examined for at least

3-5. dav ef each 1 h. Qspeatubility was tested by carrying out .(A

. .o T . ' «
1975, 1976).  Equivalent results were obtained for the three years.
~T -

A Iisi;pg'qf‘tﬁ§/§GX?¢age, and catalogue number of specific fish used

app€ars "in AppendiNJI.. A total of 179 fish were analysed.

1
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Under scasonally appropriate LD+t and LD photoperiods altl of the
87 . plwnbcus, whose activity was recovded for periods of 3 days or
more, displayed weakly bimodal patterns of diurnal activity (Fig. 19).
Observations trom outdoor tunkslwith natural fubd, substrate and
il lumination vfirmed these laboratory findings. [Iorlier, prolimina}y
experiments with 5§ single lake chub had demonstrated thnt‘phoropcriod
was ichpd an ctfective Zeitgefer of 1ocom§tor activicy (ch Figs. 15

’ Y
and )y Daily fluctuations in water temperature were ineffective

v

‘ as cues (Appendix 1V). -

The diel locomotor activity paffcrns of single and groups of

C. plumbeus, the latter not.illustrated, did not have any distinct

.onscts or offsets of activity; rather, there were changes in the

- dy e

Sfelative amplitude of motion during.dawn and®@usk and at the IL-Dvand

\ SEL N g e
¥ e . x| o
.%letlanbltlons (Fig. hgi. . o ~
iy . Whéh data records and activity trapsitions are not wholly clear
~ | S R
it is necessary to define specific.thresholds or marker events for
y 1 -~ - .

sclecting a relative onset (beginning) and offset (end) of maximal

v activity. For the purposes of determining phase angles (Y}, the
: /

~ Ny \ .. ! X
~ occurrence of the grearest rate of uctivity change during a 24-hour

ey . . . . - S
“Period was used to define the onset of activity. This rate was

- . P ‘
considered to indicate the commencemént of maximal activity.
. L. : N . 13 . ,"‘:' <

Since the locomotion of . plumbeus was diftributed in bout form
t ¥ - N . .
throughout the day, the maximal level change was not always direct‘y

evident. Therefore, it was necessary to use a consistent criterion




Representative activity of single CT pZumlqus_undc?
photoperiods, A) wjtﬁ twilight (Lb+t), and B) without
twilight (LD). P(‘.‘:\l&l photoperiods have 12 hrs light/12
w . .
hrs dark (water tcmforuturc, 16°C). The L-D and D-L
trnngiti;ns in the LD records occur-at sunrise and
sunset, respectively. Light approximated full dkﬁkighf
specfru. C) Enlargements of Actingyéthjng dawn and
dusk. D) Enlargcment§ of activigyﬂat'LfD’gnd D-L o ' .

transitions. Examples from 5Adavs are provided.
B¥e oo " C
A¢tivity is in arbittary;uhits basedfon 15 min totals

for A and B and one (1) min totals for C and D. Time

is in“hours of b"*gafn-Stahdard Time (MST). Data arc

Y

for May 1975, Ly
represents activity of fi§ﬁ; -%--- represents

" the course of daily photope " ds in A and B; and the

3

dark-light, light-dark transitions in C and D. (Light

h ) ' %
energy is expressed as total jrradiance (350-750 nm.)«

(B
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Example of a daily chart record of the locomotor

plumbcus held ﬁﬂﬂcr a LD+t
7’

+Fig. 20. A

activity of a single C.
photoperiod. The record illustrated is for May

1977,
B Activity profile of the locometory record shown in A

Activity is plotted as relative peak totals over

A :
’ ' s

10 minute intervals.

C Expanded plots of the sunrisc (S&)“and sunset (SS)

pont10n< of the act1V1ty chajL retords shown in A

fi
D Record of act1v1m%’gy'1ng dahn portlon of A,
“a
o B4
| illtustrating the m'_“ ‘n rate of increasc in act1v1rv
___.relative to sunrise (SR).

I
c Max P and \y
| (Max Aact1v1ty)-qn onsct

‘ ) E Record of activity during dusk portion of A

illustrating the maximum rate offde?rease in activity

relagtive to sunset (SS).

(Max Aact1v1t)) 1nd offsct




(arbitrary tota's)

Activity

O mv

78

A L&comotor activity record
. , i
: 2 il
2 uW":Lle:t:‘r:f ;_i.':f_-?"' \j it AT Lt s o e e \*‘-‘“‘L“‘
o SR 12 ss 24
MST@ours)
. .
|

B Activity  profile v

50
5
o SR -T2 ss . 24
MST (hours)
C ' Expanded record of activity

D Dawn - Onset . " E Dusk - Offset

1!
’\ ‘;l) ,_} : I’I 3, it 1 ‘f , ;" J} f‘JlI';
Sny ! !

TR .
1 ST L B T
- w-l\m.rhl shess »3 L-:..;f : ‘h“) 4
Ma"Aactnvnty 32m1n SR i SS21min _Maxdactivity
. Yonset L Yoffset i

-—



to define this transition. The method adopted for extracting the onsct of

S . ' e
activity involved scapning or reading the data {Witivity totals) forward
L}

“var the estimated mid-point of the inqct@&‘

Yortion until a maximal
* )

ijnd non-transitory lovel change (duration greater than three
minutes) was foupd. This pdint was considered to be the maximal activity
trnﬁsition and 1s used interchangeably with the term activity onset or
beginning of activity. As a check®on this determination, activity was

. .
vead backward in time from mid-activity until a maximum rate of decrease
wase found. When the two onset points coincided or were close in value,
the -mean value was.considered to indicate the beginning of ucfivjty.“
The reverse procedure of scanning from mid-points wis used to determine
the offse; or end of activity. In computer.analysis of the tabulated
activity time series®onset and fogot were taken 55 occurring at the

maximum first devivative of the rate of change. activity.

'S
» ~ : . £V ; N
: Thk onset and offset tl““%ﬁfrﬁ prescWd relative to sunrise
: R 4 54 ROy
. K SRS e o :
; . PRI < b G E . . i N w
-and sunset, i.e., the difference 1R¥X ,@3 frem the activity, transition is
Lo . .1 L ' s N
Y for sunrise and ¥ .. for sunset. .Five consecutive ¥ and
onset , offset _ » onsct

vy were used to calculate the mean values and their 95% confidence
offsets . ,

v

intervals(,

v

Phase relations. of the mid-point of activity were not provided,

/ ) ! * ) .
primarily becduse of technical problems in obtaCring Eﬁf&able estimates
‘ ) : . .
o

from the 'bout-like' distrfbution of activity (Appendix III). Daan

-~ (1976), Kenagy (1976), and Pohl (1976) outline difficulties and
) ! . o
assumptions inherent in the determination of mid-point phasc values from

4 -
. » - .
1

Ny

varflable data records. i *
: T B 30

> -
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i
. ST B |
Ivlmplc of locomotor records from which ¥ values were deter-
et u',l\k-‘

g :
Ao L , . .
‘*xﬁrhe"'gl‘,afrv shown in Figure 20. Enlavgements of the records from the
' L . C S .
transition times indicate the positions at which sreatest rates of
change were determined by visual inspection. In these representative
portions of data ¥ values were also determined by computer analyses

“The values found by computer and visual analyses are listed in

Table 3. No significant diffevences woeroe evident between the valucs

,
iy

wbtained by the two methods, v

Computer determinations of. the timing of the maximum first

derivative of the slope were obtained only when the data were, compiled

4 - S . ‘
v :
and processes for additional analyses (A\ppendix” [11). In order to
. .
maintain consistency of interpretation and the smie level of inter-

pretation, all ¥ rclationships listed and suhjectQIO further annlyﬁés

- » . . - =
are bnscd on VlSUHlly dctermgne%ﬁﬁulues; Howcver'xiiﬂmlnr LthkQ on
! o LI . u ).t -

the visual interprctqtlons were: made with the CompU$i{h*¢Lhﬂlq&D

0y .

The beginning and end of the activity of €. plwnbeus followed

‘the S?agonal course of twilight and daylength, ICSPCLtIVCIY (Tables 4 7 -
R .
and 5; Figures 21, 22, 23). Similar patterns were ev}den. m

< . "

e

years examined (1974, 1975, 1976). £3 =

Onset and offset of maximal activity occurred during the

LN

’ £ .
twilight portions of ‘the LDgt photopeygiods (sega ]

ce

Under‘LD‘photoperiods the onsct of activit} was shown as ah apparent
antlglpator) change in the amplitude of motion. prior to the actual

dark to light transformapion (see Fig.. 28B)~ ‘
o . < ® ‘ i ‘ 3
Differences-between the beginning of activity and sunrise

(Wohset) as well as the end of éct1v1ty gnq s?nsct (voffset) are
\

R . . B N
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Table 3. Comparisons of ¥ and ¥ values obtoined by 'visual!

onset offset

interpretations and computer analyses ot the locomotory

nctivify records of C. plwiieus. _ :
Time of Ycar ' _jbnsct (minut?s)‘ Woff5ct (ninutes)
Month | Visual Cdmputcf thzlf“‘ é;mput01
Jan 14 13 ‘ 12 : 11
Mar 41 42 24 23
May N 56 P A 40 42
Tul 34 34 4T 46
Sep - 48 ‘ ’ 46ﬁ \ é9 30
Nov .23 2 S §
! N ol o

1A11 results were obtained from LD+t nLt1v1ty rec01ds
N . ol .b

2visual dctermmndtlon, were based on the timés ot the greatoet

T

=2

rate of c}nnp in act5v1ty Computer determlndtlons were: bascd o the
time of oc;urrencc of the maximum first derivative of the rate of
change of activity. All values are based. on the mean valucs of f;“c

consecutive onset and offset readings. Three fish were compared each

l .

month; howcve7, data are prescented only for 1 fish. -
obtained by vhsual and Lomputgr determinations (Mann

y khe values |
%’% ey U testd
" p =,0.05). I' .

J E -,

!

*No significant dlffcrences were evident bot“eg

9%

e
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Fig. 21. Annual andggonthly changes in the locomotory activity

”

profiles of C. plwnilews.  Examples of pre- and post-

‘sunrisce .'m.d sunset activity are shown in zlrhit{‘:n_*_v units
of activity, ‘ ~
';--.']*epros@ts activity under LD photoperiods.’

/ —_ TépI‘OSOIItS activity under L+t photoperidls.

--~ represents annual time course of sunrise and sunsct,

o «

Mean records of 5 fish from 1975 were used.



Activity Profiles (relatjve units)

Sunrica Meanth Sunset

Jan

o NAN-

" Feb

¥
N

L3 - s T T ’l ¥ T T T 1 T 'l ‘l’ 1 4

34 5 6 7 8 9 10 91 12 - 16 17 18 19 20 21 27 2

Mountain Standard Time (hours)



Fig. 22. A Beginning and end of maximal activity for cach”C.
. . . . cge )
plwnbons examined under photoperiods with twilights
(LD+t) (sce Table 4). The mean monthly values (-)

- Y N .

of (“nch dindividual fish arce used.  MST represents

) .
Mountain Standard Time.

B Beginning :mcl.bml of maximal activity for cach C.
plwmbous examined under photoperiods without
t\x‘jljg}lts (LD) (;“ec Table 5). The mean monthly

values (+) of ecach individual fish arec used. MST

represents ‘Mountain Standard Time.
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Fig. 25, A Differences between the beginning of activity and
sunrise (below) and end of activity and sunset (oove)
for single Cowcaiwe plumbeouws from photoperiods with
twilights (LD+t). Mecan monthly average readings for
individual fish are used (n=12).

’ B Differcences between the beginning of activity and
sunrisc (below) and end of activity and-sunsct (above®
. . . ' : ' *
for single Coucsiudh plwnbous from photoperiods without
twilights (LD).  Mcan monthly average readings for
. ‘ v
individual fish are used (n=12). : )
) -«
- VE = vernal cquinox; SS = summer solstice; AE = autumnal

equinox; WS = wintcer solstice.

All values are for 1975.
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Listed in Tables 4 and 5. No W . values are presented tor 1D
. . - offset ) ! .
conditions as the avtivity change took place at the actual light to

davk transition.  The monthly mean phase \'(\llll(.‘ and 95% confidence
intervals of each fish ave based on § consecutive onset or offset

values. Monthly inter- and intra-fish differences in the timing of

’ ~

activity were not sipnificant (M:nm—\‘\{hit:ncy U test p > 0,20), thus

permitting a poolinhg of samples. No & Wi ficant differences were
: S }
evident between di fferent soxci%gnd ages of fish, Mean activity

onsets and offsets wers ased in the graphical 1'01n'cr:vnt:1ti045 ,
(see Figs. 22 and 23). Repeatability was tested by determining all

phase relationships over 3 years. 4 -
fhe beginning of activity of fish held under LD photgperiods

. /
was considerably more variable than that of ind'i\'idu:lls//l’rom LD+t
there wis generally more variation in offset than onset of activity
' ' {

under LD+t. . /

‘ . . . . . o . .
Activity began carliest relative to sunrisc (q’ons‘ct minimal) in
- . T )

carly spring and the vernal equinox and latest at the summer solstice
(Wons‘ct maximal). The winter solstice and autumn equinox represent

the other/timing minima and maxima, respectively (sce Fig., 23).

/
Tim‘fng of onset (Wons’t) was examined in relation to durations
- se .

of photr/period, daylength, and twilight (Fig. 24). The reclationships
! B .

are prgsented only for mean values, but they are cquivalent to the

v

vuluc/s obtaimed by utilizing phase values of individual fish.

/The bimodal seasonal coursc of change 1in ‘yonﬁét resembles the
/ ~

,/ . .
change in length of twilight in that both show two cycles per year

‘(séé Fig. 23A). A highly significant relationship was evident between

—



B
ig. 240 Relationships hetween the timing of the beginning of
activity (’mes‘(t') and various photoperiodic parameters
’ onset :

for single Coucedus poeriows entrained under photoperiods

o
»

with twilipght (LD+t).

Paramcter : R("] ationshi ps
A) daylight or .dn)’longth p > 0.05 n.s,
B) photoperiod duration p > 0.05 n.s.
. C) rate of twilight change p < 0.05 sig. (v = 0.89)
D) civil twilight duration = . p < 0.05 sig, i(r = 0.93)

E) nonsignificant relation
between onset and offset

¥ valucs . p > 0.45 n.s.
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civil twil'i.y_htt‘ Pength and the timing of the beginning of maximal
activity (r = -0,932; p <.0.0S)'(Fig. 24D)Y. No signific ant relation-
ship was evident between the .t tming of activity onsct and daylength
(Fig, QJA); while a marpinal relationship was evident horhign

. -
photoperiod duration and activity onset (Fig. 2aB)0  Rendall's

partial correlation analysis (Sokal 1nd Rohlf 19&“ §§V\nlod that, the

N \

fatter relationship was pu110us1y gcncrlﬂed b\ 1 NTesence of
. L "\-" ' \\ ; ‘r
<twilight components in photoperiods. A si m‘x]\‘fl«mmt relati ons hip was
K\\ . \
e \\

also evident (v = 0.89; p < O OS) >otucon the rate of .change in
twilight duvation and ¥,
N onsct ‘

scasonal vaviations in the timing of the end of activity are

. . . P - A
.

shown in, Figure 25, Activity termination always occurred: during dusk
after sunset, ALthlty ended 0311Le‘t relative to sunsct (W(Ffset
minimal) at the ‘winter solstice and latest relative to simset oL
& ' . . offset
maximal) at the summer solstice.
The timing of the end of activity was examined in relation to
the duration of daylight, photoperiod, and twilight (Fig. 25). A
highly significant relationship (r = 0.896; p < 0<01) was found
oJs ayli c - ‘ig. 25B).
between daylight and Wottset (Fig B)
A significant relationship (regression) was present between
Woffset and photoperiod length (Fig. ZQC; r=0.91; p < Q.OS;
y = 6.25 + 3.7x). Covariance; slope, and elevation of this regression
were not different between increasing and decreasing photoperiod
Iengths. This indicated that the direction of photoperiod change
(increasing or decreasing daylength) did not significantly affect the

timing of the +d ofractivity. No significant relationsh{ps were



Fig.

25.

Relationships between the timing of the end of activity
(Woffsct) and variqus photoperiodic parameters for

single Coucaiue plimbeus entrained under photoperiods

with twilipght (L.D+t).

Parameter T Relationships
A) .civil twilight duration p < 0.20 n.s.
B) d;yiight - p <0.01 r.=0.88
C) photope}iod duration p>0.01 r=0.91
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Cevident between the timing of the beginning and the end of activity,

P . * oo . : -
Geasonal variations in coe timing of activiiy onset and offset
» .
are shown dn Figuve 20, Activity on-ot di o not show, 1y - nsistent
‘ N R Y . R . . P 5
casonal pattern or relationship to photo eriod parmmcters (Fig. J0).
The beginning of activity oceurred 5oa consiotent anticipatons

component in all records, thus generating an apparent rvelat tonship to

daylength (Fig. 26B). . .ﬁ

’

The beginning. of maximal activity of . plinbons did not show :
any significant relationship to total light qnﬁrgy”(Fig.JEV). A o

¥ .
T . v e . . . R ' . .
10%-fold difference existed between maximum and minimw light energy

.

found at the beginning of activity. . < :
1 : v . v

" N e RPN S Vi - : o N N \‘:" )
The end ?f a%tiv1ty ({offSCt) from LD+t photoperiods Wdi.

significantly correlated (v = '0.86; p‘< 0.01) with total light energy.
. . ‘ ’ ’ LR NS
There was a 10%-103%-fold difference between the cxtreme maximal” and

EEY
)

minimal light encrgies found at the apogec ‘and perigee of Y.
'J ) v
The composition and characteristics.of light present at all -’

portions of simulated and natural twilights were measured. Seasonal

and daily shifts in the timing of various spectral intensitics, pho%on

©

numbers, spectral ratios, rafes of speétral intonsi.,vdhd total
intendity change were present [(Tables 9 and 7). Onset of md@imﬁi“ffi
activity consistently occurred at the following concurrent faf&g of
spectral‘energy change: ‘0.4, O.7;r0.é, nna O.S (uw cmfz"nm_l‘)lO;2
for 425, 525, 57%, 650, and 750 nm spectral regions, respectively:

Spectrul'energy'ratioslwere: 1.55, 1.35, and 1,45 for 725/650,

‘550/450, and 400/375 nm bands, respectively (Tables 6 and 7).('fhese



—
8

/ .
Fig 262//A//N6nsignifjcnnt relationships between the timing of

S e

— activity onset (V¥ »
’ . onset
A

) and photoperiod for C.

plunlcue from photoperiods without twilipht {(LD)
(p > 0.05).

B Nonsignificunt felationshih between the-timing of

activity onsets (Y ) for C. plurbeous from LD
’ onset

. and LD+t photoperiods (p > 0.05), .
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Fig.

0

P

7.

kY

A Signjfjfnnf corrclation (r = 0.86; p < 0.01) between

activity offset (¥ ) of C. plumbeus and total

offset”

light energy at- that time for LD+t.
Nonsignificant relationship (p > 0.20) betwecen activity

onsct (WO ) of C. plwmbcus and total light cnergy

nsct

at that time for LD+t.
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particular rates of energy change and spectral eneryy ratios were

+ < .

consistently present at the beginning of maximal activity throughout

the course of the year. No si,g.nifi"c:mt relationships were found
“between the timing of the end of activity and any particular single
spccfrnl component.

The following analytical procedures were performed with sl ngle
(n=10) C. plwsbeuws that were exposced to vf;(‘:l:‘()n(lll)’ appropriate LD+t
photépcriodﬁ. At arbitrarily selected times from the annual
photoperiod ecither dawn or disk was removed and rveplaced by a LD
transition set either to sunrise/sunset or civil twilight. Water

i)

temperatures normally occurring in the ficld were maintained

(Appendix T}.

When dusk was abolished the ond of activity became a very abrupt

decrense in the amplitude of -activity that was coincident with tﬁe
L-D transition and similar to the ones seen under 1D entrainment -
(Fig. 28A).

chlacément of dawn by a dark-light (D-L) transition led to an
immediate 'light-shock' reaction (Fig. 28B). Similar results were
obtained from all fish (10) that were éxanined at various times of
the year. After 7-10 'transient' cycles the shock reaction
divuppeared and was replaced by an anticipatory change in maximal

-

ictivivy, similar to that found under LD entrainment (sce, for

example, Fig. 21).

103



ip.

28.

A

Locvomotm"v activity of single Concetus plinibeus after
removal of dawn.  Fish were previously kept under

12:112 LD+t photoporiods. The dm\'ﬂ portion was rcemoved
and replaced by ':1 Dark-Light (D-L) tr:méition at ¢ivil

twilh;ht .

(Cont'd)
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Fig.

28.

Locomotory activity of single Coucsius pliumbeus uftér
removal of dusk. Fish were previously kept under

12:12 LD+t photopceriods.  The dusk portion was removed
and replaced by a Light-Dark (L-D) transition at civil

twilight. .
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C. The Roles of Various Components of Twilight
(i) Methods

The cfficiency as Zeitgebers of different rates of spectral energy
change occurring during twilipghts was analytically examined. A bricf
description of the méthods cmployed is nccgssury before the results can

!

be. considered.

Determinations of Spcctrdi energy changes and/or photon thrésholds
for inducing changes i thetlocomotory dctivity of C.'péumbcus weTe
carricd out in a plexiglass tank (30x50x30 ¢m) thut.wﬁs placed in a
groundod aluminum chamber (Fig. 29). Openings thzvlt could be scaled
to eliminnfc stray light were prcsent.in thgﬁchumhcr for inscrtion of
light probe, air lines, and terminals from.the activity dctcctors
iﬁ the tank. 'A diffusing lens (Frensel Plastic, Toroﬁto) and
translucent d{ffusing screen (Lucite, Toronto) were placed above the
tank, 5-10\cm below thoétop of the chamber.: These filters were used
to obtain a uniform distribution of light within the tank (Fig. 30).
Irradiance characteristics were regulated by spectral and ncutrﬁl
density filters (Optics Technology, Caiifo;nia) placed on top of the
chamber.' Fllumination was provided by high intgnsity incandescent
ligﬁts (General Electric X-100-175 Watts). The intensity of light was
regulated by an»adjustabie motor driven rheostat (Hammond, Chicago).
Heat filters (5% copper sulfate solutié;) were placed in "front of the
lights. Water temperature was fu.ther controlled by a flow of air
above the tanks:

Light characteristics were standardized:and calibrate by deter-

mining the transmission curves of the filters (Fig. 30) and measuring

N



-

S—

Fig. 29. Apparatus uscd to determine spectral effects.
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Fig. 30. Transmission spectra of filters used in entrainment and

action spectra determinations. The peak spectral value is

listed above the transmission curve of each filter.

3
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.

the spectral cnergies tmpinging on the tank, The filters transmitted
spectral bands (£10 nm) rather than single wavelengths,  Spectral

energy measurements took into account the emission spectra of the source,

A

optics of the system, any stray light present, and transmission of the
diffusing filters. They weve made by placing the optic fibers sensing
head at various points below the surface of the witer. When similar
(£5%) energy values were obtained at various positions inv the r;ml‘\‘
the light distribution was considered to be uniform. The light
. ‘ ' .
distribution obtained in the tank was similar to that present under
simulated twilights,
In a preliminary determination single . plwnbous (n=5) were held
“under DD until arrythmic activity was evident (5-7 days). Then, deter-
minations were made of the energy and/or photon threshold required for
the initiation of induction of changes in activity. The altcrations
in the amplitude and level of activity were considered as being
cquivalent to the transitions in acfivity that occurred at the beginning
of LD entrained locomotion. Short pulses of light (15-30 sec) were
applied at random times and the activity of chub was recorded. Light
‘intensity was increased until a detectable activity response was
rcgordcd”(Fig. 31). Activity changcs were cxpressed relative to the

alterations secen at LD transitions. These procedures were then repeated

at various times.

(17) Results
The results obtained are shown in Fig. 324A,B. MaXimum alterations
in activity or induction of activity were obtained with 439, 468, 568. )

and 638 nmispectral bands. For cach spectral band there was a preferred



An example of the inductive or activity altering coffeet
= 1070 2 e -
of a 30 sec light pulse, T (4.0 x 10 Uw cm 4358 nm
incident spectyal energy, 10°C) represented by (---), on
the locomotory behaviour of o single Coneotus b
held under Db, The effects of a non-inductive pulse, N.T.
T "2 gae ool .
(1.3 x 10 woem T 438 nm incident spectral energy)
arc provided for comparison. Activity is expressed in
relative units.  The amount of activity displaved by

C. plmbcus at the onset of maximal activity under an LD

or LD+t photoperiod is considered as 100%.
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Fig.

)
Il

A) Alferation or induction of ACtivity in single coucsius

rlwsbews pldtted as a function of the rate of change

of initial spectral energy., Actjvity Was measured
relative to the mnximul Qctivity alterations of fish
under LD and D+t photoperiods, Thc latter wcré
considercd 100%,

Fish (n=10.3) were maintained nt.diffcront initial light
cnergies, listed in SIB, and then cxposed to 15-390
curvilinear pulses of spectral enecrgy change

(uw cm™? sgc<l). Experiments were conducted at random
times of day and différcnt rates of energy change.

Each point vepresents the mean of four measurements,
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Fipg., 32. B Alterations or induction of activity in single
£ : ) Y
C. plwbeus (n=39) as a function of the initial

spectral energy and its subscquent rate of chanpe.

Criteria used for analysis are described in 43A,
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rate of enerypy change (Fig. 32A) that was independent of the initial
energy levels (Fig. 32B) (F test p < 0.05). In this analysis only
energy levels normal ly occurrving during twilight transitions are
considered.  These preferred rates of change correspond to the values
that were found at the beginning of activity under LD and LD+t photo-

periods (see Tables 6, /). Experiments were repeated at various times

of the year.

0. Summary of Results
From the results of this chuptér one can conclude that:

1)‘ twilight, dawn and, to a lesser extent, dusk are required for the,
determination of scasonal ch:ages in the entrainment of” the
activity of . plubeus; - =

2 the phasing of the beginning of activity (W is dependent on
X & K N : onset I .

specific characteristics of dawn. Wonsct has -a bimodal annual

pattern that is consistent with the duration of twilight (dawn)

)

and changes in its sub-components. The end of activity (¥ .
) offset

is determined by the total duration of photoperiod, rather than

any specific features of dusk;

3) gnset is determined by specific rates of change of specdtral
< . - R . .
energy, and spectral ratios that are found in dawn. Onset is not
directly dependent on the absolute intensity of illumination.

E. - Discussion . .

Studiecs with birds, mammals, and plants have shown that the
following 6 factors (not necessarily in order of importance) are the

major determinants of the phase rclationships of circadian rhythms



(Aschoff 1969 Pittendrigh 19745 Daan and Ascholt 1975):

1) light-dark ratio (intensity qr duration)

2)  intensity of illumination

3) duration of twilipght N

4) « other cnvironhpntul fuctprs in addition to photoperiod

5) physiological and behavioural state of the organism

G) nntufnl frec-running period (T) of the ovganism.

The results of the present study comparing the activity of (.
plimbeus held under photoperiods with and without twilights, LD+t and
ID respectively, while Keeping other environmental factors or cues
constant, conclusively showed that twilights were significant deter-
minants of the entrained state. This agrees, in principle, with the
previous laboratory findings for mammals and birds by Kavanau et al.
(Loe. eit.), Wever (1967), Daan add Aséﬂoff (1975), Kenagy (1976), and
with field observations for fishes (Hlobson 1972, Emcfy 1973). This
study also shows that these differences in entrainment between LD
qu LD+t are scasonally variable, depending on specific twilight
characteristics.

Under natural outdoor laboratory simulated photoperiods, LD and
LD#%, C.prumbaus displayed a bimodal diel activity pattern. When
twilights were présent (LD+t), the bcginning of activity occurred
during dawn, while.thc end of activity occurred during lus%. Under
LD photoperiods "the onset of activity preceded the dﬁrk—light change,
while the termination of act%vity occurred at the light-dark transition.
The latter can be described as an exogenous shock reaction and as a-~

masking effect, a characteristic response of most fishes experiencing



sudden changes in the intensity ot light (Davis 1962). A masking effect
is considered as a diréct action ot the light-dark cytle (transition)
cither causing or, as in this case, suppressing the rhythm rather than
functioning as an entraining apent (Aschoff 1960, Hoffman 1969). The
formorlrgsponsc can be considered as an anticipatory onsct, a character-
istic that is indicative of an endogenous circadian system (Pittendrigh
1974).

Activity transitions occurring during twilights have also been
assumed to be the result of masking effects. However, the prescnce of
seasonal changes in activity relative to light (sec Fig. 22) indicates
that the beginning and cnd of activity reflect definite phase points of

.
an cndogenous oscillator rather than oxtcrna}iy cvoked rcsponseé.

Entrainment of circadian rhythms-by'photoporiod;lLD+t, éan involve
two different routes of zeitgeber action: .(i) pToportiénnl (parametric)
or integral action — the continuous or intermittent effect(s) of fﬁe
duration or intcnsity.of illumination, ahd (11) differential (non-
parametric) action — the uctual.light—durk'nnd dark-light transition
i.e. twilight component (Aschoff 1969).

Although synchronization by the action of twilights or LD changes
by definition implies_non—pafametric (transition) entrainment, it is
still possible for parametric (proporticnal) effects to act on the

system. Pohl (1976) examined effects of light on circadian activity

rhythms of birds and fou a relationship between light intensity and

the extent and duration off changes in the midpoint phase angle ..nder

low light levels (lux).

| %7
|£%]



Jhis scasonal study revealed that daylight and twilight components

ot photoperiod have ditterent roles in the synchronization of the
nctivity‘of . phasbews. The timing ot thg beginning of acﬁivity
relative to sunrisc, Wonsct’ is cued by the duration, rate of change
and specific rates of spectral energy change and spectral ratios (see,
Tables 6, 7 and Figs. 27, 28, 32). These spectral factors follow a
seasonal buttern in their occurrence that is coincident with changes
in the durutiovn ,Of twilight. This results dn li/onsct having a bimedal

arfnual pattern consistent with. the duration of twilight and its

b

scgsonul rate of change. The end of activity, Woffsct’ followed a
unimodal pattern consistegnt with annual changes in daylength and the
absolute intensity of illumination. Only onc other study of scaéonal
changes in daily activity has found a bimodal,-twilight cued or related
pattern for onset {dusk cued) and u.unimgdgl pattern for offset (dawn’
cued) (Kenagy 1976). That stuay was with nocturnally activ§ kangaroo
rats. Féw inferences can be directly drawn ﬁo the ‘results obtained
 Vwi£h C. plunbous.  However, it appears that the relative importance

of dawn or dusk as Zeitgebers depends on which of the twilight
transitions phases the beginning of uctivity;'that is, wholher the
activity of a diurnal or nocturnal animal is being examined.

Seasonal changes in the phasing of the beg}nning'and %he end of
activity wcrgrfir;t described from annual changes in bird activity.
Aschoff (1960) proposed that daylengﬁh, light intensity, and light-dark
‘ratios were the main determinants of seasonal phase relationships,
while Wever (1967);§uggost¢d that twilight duration Qas the main

<

determining factor. -le proposed that: the longer the twilight period



the carlier the occurrence of activity onset relative to twilipht, and

.

the preater are the phase angle differences with chanping 10D vatios.

As an extension to these general findings it was suppested that the

greatest relative phase-delay should occeur at the eguinoxes, and that
¥ )

an intermediate phase angle should be found at the opposite solstice

to th&t at which mnximum advance occurs.' Both Aschnff's“uﬁd Wever's

suggestions have been incorporated into a joint daylight-length/

twilight—durﬁtion model of ‘entrainment (Aschoff 1969).

I a recent review of photoperiodic entruinmont Daan and Aschoff
(1975) listed some features of the timing of activity that they
considered valid for all animals. These jnclu<lurtho ﬂ)llowi,ng:

N

. - - 4 P . . , .
1) The-beginning of activity (vons‘t) 15 generally more precise
. . £ sot- { 1

).

than the end (¥ .-
( offset
2) Under increasing photoperiod durations activity of durial

animals starts ecarlicr in 'local time' but later relative to sunrise

(Wonset is smaller) and terminates later in local time but earlier

'

relative to sunset Iwoffset is smaller).

3) The beginning and end of activity are more precise when they
occuf during civil twilights.
They considered the increased precision of ¥ to be a function of the
greater rate of Fhangc.of light intensity found in twilight.

vaan and Aschoff (1975) indicated fhat there were significﬁn%w
differences between phase values)obtained from low and high latitudes.

However, they also showed that there were differences between ‘the timing

of bird and mammal activity that restricted any exsensive generalizing.



Figala and Miller (1972) conducted a preliminary examination of

scazonal changes in the activity of a tropical fish, Pwlus papti-
I

'

Hiazona, transported to the Arctic and found some similarities to

I

o

Jthe timing of bird and mammal activity. However, in view of the
unnatural conditions that their {ish were exposed to, few conclusions

are possible from the studv.

v

There is only parti: sareement between these general theories

for the tining of rhythms and the phasing ot the activity of .,

.
B

rlwskbens obtained from ic present study. Greatest advance in wbnsct

‘ ovcurred at the summer solstice, but the greatest delay was'nop at the
Awintcr solstice, but rathcr at the equinox at whikh twilight was the
shortest. . Discrepancies arise because thc.thcorctiCul proposals are

based on the tacit assumption of similar cues being uscd for the timing

of onset and offset of activity. The present study showed that this

v
1

cléarly Was not the case, twilight charactc.istics being used as the
prihc»dcterminunts'of W;nset' Utilization of a greater number o total
cues for on%ét lecads to the ’;ppnrént' greater precision of the
beginning of activity. This precision is primarily a factor of the
greater number of cues used, thesec being less sus;eptible to stochas&ic
environmental vajiations. The twilight components provide a consistent

time-giving signal.

The vesponse to specific rates of spectral energy change rather’

. -

han absolute intensity is not consistent with the circadian entrain-
ment generalizations of Daan and Aschoff (1975). However, these

appraisals were obtained from the labofhtory activity of birds and
A . . .

1.

marumals and ‘were expressed in photometric units., Their light values

cannot'bé'usqd as an accurate index of the true light charnctéristics;



From analytic studies with single spectral components it was found
that almost all portions of the 'vis%blo' spectrunm (JOQ-TSO Y fad
some modifying cffect(s)y on the nctivity ot (", plied cus (sce Vig, 33).
However, there were significant differences in the etficiency as well
as photon and energy thresholds at the various spectral regions.  The
MOST effective jing Ve spectral values overlapped vith the wave-
Iengths whose rates of change of Cnergy were corrvelated with the
beginning of activity of ¢, Plinbeous unﬂcr LDet (v 1y, Specific

onset
rates of spectral energy change were the functional cues for inducing
activity alterations, as well as the onset of entrained activity, The
same preferred rates of cnergy change were used regardless of initial
light energy, within the limits of twilight intensitics. This
permitted utilization of a number of constant time cues regardless
of other photic modifications, Other photic and cnvirenmental factors
X
could function to nodify the initial timing of activity.
Demmelmeyer and Harrhaus (1972) and Kavanau and Rischer (1972)
’N\ ' '
have shown that daily ¢ycles of light of different co}our temperature
are capable of weakly synchroni:ing OT coordinating finch and ground
squirrel activity., Krull (1976q,b) suggested that slight oscillations
in low spectral énergies{ coupled with changes in spectral composition
OT Tatios, may act as Zeitgebers for Arctic animals. Thus the
entrainment responses demonstrated for C. plumpeus may be inaicative
of a more widesprecad and general mechanism of cntrainment,

Krill (1976a) Speculated that changes in far-red/fed spectra -

ratios, in combination with slight intensity changes, are utilized as
/ ' . -

entraining Cues by Arctic animals. These ratios retain their daily

'



modifications in total ecnergy or quantal levels., Scasonal changes in
davn and duskh FR/R signals are determined by geophyvsical parameters

and are quite independent of intensity and other surface spectral
modifications. These spectral alterations have the precision necessary
for use as consistbnt photoperiodic cues.  This constancy suggests that
these spectral ratios ave highly precise signals that could be widely
used as entrainment cues.  These results show that spectral ratios and
rates of energy change huvb the ability to function as cffective
entrainment cues.

Utilization of sclected spectral intensity chﬁngcs and ratios
provides a consistent non-parametric signal for‘timihg of activity and
its vﬁrious behavioural constituents. Stochastic Qnriutions in the
environment mdy disrupt some of these spectral cues but will not

climinate all of them, hence permitting consistent wonsct determination,
The end of activity is loosely entrained by, or follows, daylength, a
factor which is subject to considerable environmental fluctuation.

This permits significant flexibility in the termination of activity

in response to stochastic variations in the environment.



Chapter V
lliﬁ FREE-RUNNTNG PERTOD AND CIRCADTAN ACTIVITY

A. Introduction

Under constant photoperiod conditions (DD or LL) birds and
manmals display endogenous circadian rhgthm§ of locomotory activity
that perisist for pfolongcd periods (100-300 cyclcsj in the
frve-running state (Estin 19715 Hoffman 1971).  The constant periods
and activity forms displayed in these long runs are described as
;tcudy—stutc values. The free-running period (FRP) values of nocturnal
animals (oirds and mammals) under DD are generally, but not always,
less thar 24 hfs while those of diurnal unjmuls‘uro’usually greater
than 24 hrs. The presence of crepuscular components can obscure these
rclutionships and make any consistcnt and conclusive generalizations ///
difficult to produce (Kavanau 1969). Increasing or decreasing FRP
values occurring during the transition trom one cntrniﬁcd state to
another arc defined as transient period values.

Endogenous tau valuces tbat are influenced by the immediate
fhotopcriodic entrainment history of an animal arce known as after
effects. TImplicit in this definition are all tau values that ‘are
found immediately (1-20 cycles) after imposition of constant qondifions.
In noctﬁrnal mammals, the only group cxamihed in detail, the initial T
value appears to be a direct function of the duration of thc previous
dark or light period (Pittendrigh and Daan 1976b).

Although the circadian thythm of activity is a persistent property

of an endogenous oscillator system, the expression of the pattern and

128



period of activity can be influenced by exopenous non-entraining
stimuli. These can d{rcctly suppress or accentuate some parts of thcl
circadian pattern or alter the o&crull periodicity, For example,
continuous light (LL) and continuous dark (DDY have (iif‘fCl%)nf cftects
orc the period length and subsequent fade-out of civeadian rhythms,
[t has also been shown that the FRP depends on the intensity of
illumination. This relationship is expressed as part of a general-
1zation Known as the 'circadian' or Aschoff's rule (Aschoff 1960,
1965) . According to this proposition the spontancous frequency
(1/period),. the ratio of activity to rest time, and total amount of
activity should increase with greater light intensity in light-active
animqls and decrease in dark-active animals. The extent and duration
of activity in the Jactive portion' of the vhythm also shows a
similar Tclationship to the intensity of constant illumination.
Kavanau (1969) has Showg that for many mammals the circﬁdiun rule and
proportional effects of light apply only in the middle ranges of light
intensity that are found in twilights,

A synthetic appraisal of the possible functions and roles of
circadian periods in the generafion and entrainment of the activity of
nocturnal animals is provided by Pittendrigh»and Daan (1976a4,b,c) and

Daan and Pittendrigif (1976a,b). They put forward that the attainment

, ,
of a stable entrained state bears a definite relationship to the FRP.

They also pfbposed that the entrained state (photoperiodic history),
measured as a function of ¥, determines the immediate tau values. How

these relationships arise is a matter for further consideration.
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All the properties described for vertebrate civeadian rhythms have
been derived from studies with bivrds and mammals ., There have been
limited investigations of fish circadian rhythms.  Locomotory rhythms
have been most extensively éxnmingd in the cyprinid Lewecapius
delineatis (Siegmund 1969; Sicemund andWol ff 1972u,b,c? 1973) and
several other northern Eur&pcnn and Arctic'spbcios of [ishes (Miuller
1970, 19735 Eriksson 1973). Reviews of the more tungible studies of
cndOgcnoﬁs locomotory or behavioural rhythms of fish are provided by
Schwnxsﬁun (1971a), Richardson and McCleave (1974), and Beitinger
(1975). llowever, only limited descriptions and interpretations of
circadian rhythms in fish were made in all’ those studies.

The objectives of this chapter uro.twofold: firstly, to describe
aﬂd determine basic circadian parameters of a temperate freshwater
fish; sccondly, to determine if there are any relationships between
the charagteristics of entraining photOpériods and tau values; more
specifically, to determine 1f twilight has any cffects on the values
of thc subsequent frce-running period. /his latter examination was -
done in conjunction with the analyses of the roles of twilight in ‘the

entrainment of activity (sce Chapter 1V).

B. Methods and Results

(1) General activity

Fish that had been kept (entrained) under LD or LD+t laboratory
conditions, as well as individudls that Qere obtained from the natural
conditions of the rivcr,‘were used for the taubdeterminatiohs. The

same entraining conditions and fish were used in the analyses of the
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timing of the beginning and end »f activity (‘i".\*%ﬂ. The exact experi-
mental procedures used !’(_n"cntruinmont :m:llysc;‘ arc described in
Chapter IV, The (ish sampling scquences are bisted in Tables 8 nnd 9.
Period determinations of any one fish were not repeated until a steady
state of entrainment was obtained after return to 1ubofutory photo—
pcr;bds. This generally required 1-2 months. The number of times tau

was determineds was essentially a compromise between the requirvements

ot phase and period calculations.
1}

A1l of the period mc:lsm‘emcntsl were repeated for at least a
second annual photoperiod cycle. Thcso‘lattof measurements were carried
out in conjunction with rcplications>of W'mcasuremonts and investigations
of more specific ASpccts of entrainment,

\

A1l healthy fish (n=104) held under DD:br LL cviﬁccd free-running
rhythms of locomotory activity for at least 3—7.cyglc§. The ondoéenbué
patterns lqst-syﬁchrony with the prcvious'photopcriods and oxtingﬁishcd
to an apparent mean level of non-stationary activity (Fig. 33).

Accurate period vaiues were most readily obtuiﬁﬁtlp from the spectral ‘:
trans forms aﬁd periodograﬁs. Under constant conditions pcrigds»ranged
from 24.5 to 28.0 hrs (+ 0.4). |

All df the individuals entrained under LD+t photoperiods tn=54)
had repeatable, significant seasonal,variations in their fréc;ruﬁning
period values. The gencral activity patterns, aside from’sub—compénent =
or 'bout' compo;ition (see Appendix- III), were the* same thfoughout the
year. At lowel temperatures (0°-4°C), which were poinci&ent with %he

{

-shorter photoperiods of winter, the amplitude of activity was reduced

but the form was not affected.. The free-running circadian activity
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Fig.

1

1

Example of the monthly free-running locomotory activity of
C. plumbens under DD that had been previously kept under
scasonal photoperiods: A) with twilights (1.D+t);

B) without twiliphts (LD).
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pattern was cssentially a continuation of the entrained amplitude and
sub-components,

C. vhwediows had a significantly. (p < 0.001 Mann-Whitney U test)
shorter ﬁcriod during the summer than the winter (24.7 hrs as compgrcd
to 27.1 hrs) (see Fig. 34A). The lengths of the free-running activity
periods of 7. plwnbeus were significantly and positively correlated
{p » 0.05; r‘: +/0.73) with the duration of photoperiod from LD+t
(sce Fié. 35A), though no significant relationships to twilight were
cvident (see Fig. 35C).

Period avatlability increased immediately before extinction of the
rhythm (see Pig. 33). lowever, the degree of variation was consistent
within similar temporal and environmental conditions,\thus‘allowing
comparisoﬁs to be made with either individual fish or pooled samples.
Pr?cision of T (a reciprocal of standard crror) gencrnlly increased as
thg FRP approached 24 hré. That 1is, thcfc wias a greater cycle-to-cycle
stability in the FRP as . it approached the exogenous pcriodjcity of 24
hrs (see Fig. 33). A Kendall's partial correlation of r = 0.42

.

(p > 0.4) revealed that there were no interactions or relationships
T
between precision and time of year. This correlation value also

indicated that a major portion of the annual variation in precision

could be explained by, or attributed to, changes in tau. No significant

relationship was detected between tau and ¥ -2 .
. onsct
Significants scasonal differences in FRP leng:' .. recorded from
C. plwrbeus (n=21) that were caught at various t mes - 7 t-e year and

then placed under DD (Table 10). The extent and 1:i,. ot taus were
consistent with the values fouqd"ﬁnder prolonged LD+t entrainment (see

Table 10).



.

Table 10, Free-running period lengths Tau) of Cowesiig rlivihens from
: 1 a1 I

natural conditions.

Tau?
Month (hours)
1974 | 1975 1976

Jan. 26.8 *+ .5 259+ 7
Ieb. 26.2 + .4 25.1 + .6

Mar. 24.6 + .3 u , 25.2 + .3
Apr;‘ ' 24,7 £ .3

May 24.7 + .5 SRR
June 24.8 + 16 24,9 + .7 ‘
July ©25.0 & .4

Aug. 26.2 + .6 26.0 + .7

Sept. 26.4 + .4 25.9 * .5
Oct. 26.3 + .4 26.9 + .4 N

Nov. 27.0 + .4 ‘

+ .2 27.0 % .3

Dec. 26.7_

v

'The plus and minus values '(*) are 95% confidence intervals.

/ote: Fish were caught at seclected monthly intervals and
immediately_placed under constant conditions (Db). Tau is based on
5-7 cycles. '
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C. plwedcus (n=47) that were cntr;ﬁncd to laboratory LD photo-
pcriodg, cot cither to sunsct-sunrise or civil twilights, did not display
any significant scasonal changes in their tau values or relationships to
photoperiod (Figsn 34, 35, sece TJLlC 8). An increase in total variance
(instability) coupled with a redygcd tau range, relative to values from
LD+t, causcd or led to insignificant annual différonccs in period
values. The general ucti;ity pattern seen in these records, aside from
mean ;bout' lengths (sce Appcndixu[il) were similar to those obtained
from LD+t photoperiod histories.

' ,The presence or absence of twilight wn%;the m§jor difference
between LD and LD+t photoperiods.  The total durations of light (photo-
fractions) were of.cquivalcntvlength; “However, the relationships
between tau and the total photofraction of LD and LD+t differed signifi-
cantly. The plotiog LD+t against tau yielded 2 significunt regression
and corrolutién (r = +0.73; p < 0.005, Pearson's Z corrolation). The
LD graph (see Fig. 37B) revealed no significant dépcndencics (p > 0.25).
At photoperiods of equivalent length (LD set to civil twilight) there
is some overlap of the tau values from LD and LD+t. This overlap is
probably the result of the increased §ariancc of the FRP vaiues from
~LD'enEruinmcnt histories. |

Tempcrntufe regimes were the same under all photoperiods thus
eliminating the possibility that seasonal temperature differences were
the cause of annual fluctuations in tau. |

Thus the basic_cbnclu;ion emérging from this poftioﬁ of the study
is:. Photoperiods with twilights (LD+t) have a significant effect on the

free-running period. When twilights are present in the previous



A)

-

Scasonal changes in tau values of €. plienbeus entrained
under simulated natural LD+t photoperiods and then

placed under DD. Vertical bars denote one standarvd -

error. (For cach month n=12).

Seasonal changes in tau values of (. plwnbeus entrained
under scasonal LD photoperiods and then placed under
DD.  Vertical Dbars denote one standard error. (For each

month n=12),
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3, .
. . N . . .
entraining state the arve significant annual variations in tau,

(i0) [l vects of 1iaht inlenstta
JJ ! Yy

e
At randomly sectected times of the year tau values were determined

from single ¢, plusbous (n=5 for 12 determinations) held yder difterent
. . .. L -0 . . . C .

light intensities (LL 0.1 to 350 pyw cm "). No consistent or significant

relationships to intensity were found (sce Fig. 35D).  llowever, the

presence of large varviabilitics in period values measured under higher

light intensities mitigates evaluation of any exact rvelationships.

C. Discussion.: "

<

Nt . . . . .
Fomotor. acttivity is not a particularly
.\I

g
[t has beep %t

~ 2

e f . . . c o .
good pavimeter RN v dCtCRﬂlnﬂtLOH and analysis of cirvcadian

rhytﬁm§ of %ish (Scﬁwnsséép_1?7lui. This nssumption is based on data

o :
that were obtained with relarively imprecise recording techniques and
limitdd statistical analyses. Thercvjs al the implicit assumption
that the locomotory activity of fish is a single bchaviour compufublé
to the circadian activity parameters of endotherms. llowever, as was
shown earlier.in this study, the laboratory activity of C. plwnbeus
cannot bé considered as beiNg'equivalcnt to a single bechavioural
entity such as mammalian wheel running or bird‘perch hopping.

The various behaviours comprising the activity of fish can have
different time structures and properties. This leads to an overall
circadian activity pattern that appears to be reldtively imprecise
and is subject fo rapid disassociation and fade-out. ‘These behavioural
modifications, which are discussed more "lly in the analysis of general
activity, must be considered when comparing circadian rhythms of fish

to those of other vertebrates.

‘
H
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The rapid extinction of the IR 3-7 c¢ycles in most cases,

’

precluded treating tau as a stbady-state value. By definition all

period values vecorded immediately after imposition of constant

177

conditions have to be considered as being, or reflecting, after-.ffect

of the previous ontruiﬁmcnt”history (Pittendrigh nnd‘ﬂngn 1976a).
However, the relatively rabid extinction of the'circadian period and
absence of any direct evidence tfor the cxistcﬁcp of stecady-state tau
values in no way détructs from the endogenous nature of the
freg-running rhythms. After-effects in tau values can be used to
ob;éin an indication of the effects of the previous entrainment
history on the ondogcnéus_circndiqn componcnfs. When ‘steady-state
values arce rcached all cffects of the previous cnt%ainmont stéte are

" assumed to have been eliminated (Eskin 1971).

.

Results of the correlations of LD, LD+t, ¥ ; and W o
onset RIS

versus tau, along with secasonal fluctuations in tau and porcision

stroﬁgly indicate that dawn and dusk components of ﬁhchlight—agrk
cycles are important determinants of photoperiodic aftpr:éffccté'(éée
Figs. 32, 34). Seasonal variations in T were present in individﬁals
caught and then immediately placed under DD. This indicates that
seasonal variations in tau are present in,wild fish and aré not-
artifacts produced by proiongedlluboratory confincment.,

C. plumbeus that were kept under laboratory LD photoperiods did
not display any significant seasonal changes in their FRP values. This
apparent lack of an annual péttern in FRP can be intevpreted as being

due, at Ieast partially, to the greater intra-period variability in

tau from LD entrainment histories. .
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The presence of photoperiodic attev-effects on the cirvcadian
activity of fish as exemplitied by C. péﬂmbuus,.birds and mnnmmls
(Pittendrigh and Duan‘1976u,b) indicates that there are similarities
in the underlying circadian systems of all vertebrates. Aftcr~effcc?s
on tau have been pos£u1utcd as retlecting the inhoroht lnhilify of
the circadian system.

The process of entrainment can be thought of as a succession of
phasc shifts that compensat for time differences between the period
length of the endogenous cycle and that of ch cntraihing Cycle.
Ditferences in tau can reflect the degree of adjustment required for
entrainment under photoperiods of changing length. An increase in
stability or precision of tau as it approaches 24 hrs may compensate
for. system and phase instability that is generated as a resonance
condition as T=T=24 hrs 1s approached. Resonance is assumed by analogy
with physicai oscillators (Bﬁnning‘1973).

However, the‘prescnt results also indicaty that there are differ-
ences between the expression of cifcadian/actiQity rhythms in fish and
those of higher vertebrates. In birds and mammals the endogenous
locomotory pefiod upbears to be a direct response to, or after-effect of,
the preceding LD cycle. For instance, the FRP values of nocturnal
hamsters are an inverse function of the duration 'of the light portion
of the preceding entraining photoperiod (Pittendrigh and Daan 1976a).

" For diurnal animals these reiationships would be shown by a decrgdée
in tau Valueg'(Eskin 1971, Pittendrigh and Daan 1976b).

The-seasonally invariant tau values obtained from fish entrained

under LD photoperiod histories raises several potential problems,

v



There were no significant seasonal differences in tau values from LD

3 AN . )
entrainment histories and yet activity was consistently synchronized‘
by these photoperiods. This Suggcgts that compensatory alterations
in tau may be cxperimental artifacts that are not essential for
entrainment. lowever, it is also conceivable that the larger vari-
ability in pcriod'vulucs of fish that were held under LD entrainment
histories lecads to an overlap w%th the T values necessary for complete
ontrainment.‘ Occasional approximations of these 'ideal] conditions
and phase relations may result in the weaker phase synéhrony séen under
LD photoperiods. In view of th¢ significant role of t&ilights in the
entrainment and determination of acFivity the latter SpCCUldtiOﬁ'

appcars plausible,

v

 In winter many portions of the\riVer are covered with ice, reducing
illumination.fp a very low amplitude. The precision of entrainment may
be reduced to'a‘rclative co-ordination of activity (Hoftman 1969). This
is a very weak, imprecise np?rgximation of eﬁtrainment. In the Arctib,
apparent free-running periods have been reported in the activity of fish
at phofoperiod extremes (Muller 1970, 1973). Occasionally there is a
shifting or reversal of actiyity pattefns coincident with, and possibly
cued«ﬁy,ﬂéigﬁges in-invertebrate drift patterns. The possibility that
small period changes were thejresuit of réiative coordination by subtlejh
weak Zejtgebers has hot been invcstigated.. Speétral and light intensity
changes in the Arctic Have been shown to be effective as either actual
or as potential Zeitgebers for some plants and mammals {Téeri 1974,

4

Krull 1976b,c).
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Stochastic variations in the aquat civironment can cause rapid
and extreme tluctuations in light intensity, roduc%ng its utility as
an exact cue.’ These random flu;tuutions in light intcnsity could
also cause a reduction-in the reliability and effectiveness of

proportional intensity effects in entrainment. This could indirectly
' .
affect the FRP. The lack of any.direct rclutionships between intensity

and tau (sec Fig. 34C) does not dircctly-eliminate the possibility of,

parametric (proportional) actions of photoperiod on the cizcadian

s oy

system and the validity of the circadian rule. It may be that only

. - .~ - . - - . - S
a very limited range of light inten:ities 1s appropriate for the
circadian rclationship to be evident (Kavanau 1962). More significantly,

the after-cffects of previous photoperiods (LD, .LD+t) may override any
effects of current environmental conditions, obscuring responses to
. N
LL. Steady-state rather than transient FRP values or after-effects -~u
' 4
are necessary to demonstrate relations "ne .- een circadian rhythms

.

and the intensity of constant illumination.

A

Siegmund and Wolff (1972¢) sugges: d tha: the FRP of L61 wapiué
doiineatus is dependcﬁ% on the intensity of illuminafion, as per the
circedian rule, Howeve;, their use of fish schools, photometric lightﬁgy
units, énd unorthodox methods of.determining pgriod lc%gth'make it .
difficult to interpret ;He results, SéhQJSSman {1971b) reported thgf

FRP of electrical,discharge of gymnotid fish, a measure that was highiy

v
?

: . - - ' ’ g ’ ~ - ‘e 3 .
correlated with activity, showed a strong dependence on light-intensity.

He suggested tfhat this dependence may be part of a_specialfied entraihf

©
o

mept sygtéh'uiilized intthe'unique tropical‘freshwaterfﬁﬁbitat_and
behaviours of the electric fish.

. B
’ LI




Jhc annual variatiens found in frce-running period values of .
plimiiens maintained under LD+t cntrainment sugpests that there o N
an endogenous circannual variation in thp FRP. However, the lack of
seasonal changes in tau Qalucs of fish entrained under LD photoperiod
nepates the possibility of there being any diroét significant endogenous
circannual variations in circadian activity parameters. The results
indicate that changes in period dengths are primarily the result of .
envirommentally (twilight) induced alterations in ¢:tr.i .ent relation-
ships. In a foview of mnnual- rilythms, Menaker (1974) suggested fhat
arfnual cycles droqprimdfily the result of infﬁructions between daily

ARV ] X

¢ircadian cycles and annual changes in diel environmental parameters.

o
LA

: _ ‘ p . ] .

The seasongl chianges in FRP's found in C. plwmZcus entrained by
: DN ’ o : . - o E . Al

T o ,

- photoperiods with twilights supports his contention.

e -
~

N



Chapter VI
GENERAL DISCUSSTON

It has been known for a long time that photoperiods have an
important role in timing the behavionral, physiological and ‘ccological
patterns of many organisms. ‘''swever, :‘he roles of the various con- ,

stituents of photoperiod Lve not received equivalent attention. In

Yo

.
oo

ceceding chapters of this it was shown that the majority.of; -+
R
%ﬁ%@?p

laboratory and ficld investigations of rhythms have cither ignored of-

i

only given cursory attention to twilight periods.. Theoretical and
descriptive studies analysing the effects of twilights have not
coﬁsidercd the complexity of events occurring during dawn and dusk.

. Seasonal and daily changes in most oi the parameters were completely
ignorcd. The results of the present study indicate that there is a;

r ol to reconsider the validity of extrapolations from laboratory %

it
light-dark cycles %o natural photoperiods. The data presented in

this thesis indicate that annual changes in twilight must be includéd: -
in descriptions and analyses of seasonal variations in the entrainment
and determination of‘the free-running period af circadian rhythms.

This study with the diurnally active CgﬁgiumbcuéAspecifically
demonstrated that twilight por¥ions in the nafural photoperiods

o %
significantly affected the seasonal course of: ;

1) photoperiodic entrainment (Y see’ Fig. 21);

onset’

2) the free-running period, T (see Figs. 33, 34); —

3) the seasonalhcharactcristics, length, and distribution of

4

activity sub-components or 'bouts' (Appendix III).

[

!

f ‘ 155 , .



Entrainment of the locomotor activity of lake chub by LD photo-
periods that excluded twilights resulted in less pfccisc vhythms,
Synchrony to photoperiod was muintuincd'throughout the year, but there
were no longer any significant seasonal variations in ¥ and T.

These results clearly demonstrated that the rates of change of
various spectral ecnergy components (sce Fig. 32) rather than absolute
light fntcnsitics are the major cues for the entrainment of the begin-
was

. s e . e w
ning of activity. Phasing of the end of activity, }offsct’

determined by photoperiod duration and total light intensity present

in dusk (see Figs.®25, 26). Comparisons between the overall activity
' ah .

patterns obtain&d from LD and LD+t entrainment suggest that the
presence of twiliphts may indirectly function to permit the maintenance

of the synchronization of activity while progressive, scasonal’ changes

in natural photoperiod are occurring., ' Y

This study on the locomotory behaviour ofsthe diurnally active
b t ’

cyprinid, Couesius plumbeus, under a wide range of light conditions
provided comparative data on circadian rhythms of fish. The data showed
that the activity]rhythms of fish cannot be directly coggidercd as
behavioural or ecological equivalents of thg circadian Aééﬁxfty para-
meters of birds and mammals. The latter have been the basis of many
generalizﬁtions about, and analyses of, circadian rhythms.

Natural history obsecrve#tions have shown that many mammals and birds
1living in the wild can have significant variations in the times when
activity begins and ends. The mechanism cueing circadian rhythms of
activity are sufficiently plaétic tsrallow individual animals to—modify

'

their behaviours in response to changes in environmental conditions.



The locomotory patterns of C. plumbeus obtained frqm LD+t photoperiods s
can be considered ug 'activity templates' that arc cued by the mosg
precise and consistent photic Zeitgebers in the aquatic environment.

In contrast to natural conditions, birds and mammals in captivity
show cxcellent procision in timing. This consistency is at least
partially a resulf of the con;;ant conditions and unique single:
laboratory behaviour displa}ed. |

Mammalian and avian circadian or entrained thythmic activity as
sfudied in the laboratory is‘a single artificial behuviour (Enright
1970). This makes it difficult to carry out any exact ccological and
behavioural interpretations. th%ﬁ#@Qﬁ&} has shown that different
patterns of rthythmic activity can be obtained for small mgmmals by
varying thé type of laboratory oﬁtlet available. Sﬁimming and
related movements of C. plumbeus cannot be considered as cquivalent
to the wheel running or perch hopping of mammals and birds,
respectivcly. For instance, wheel runnlng activity of hamsters, which
is regulated by a highly precise Llrcadlan timer (*+ 2 min) is quite
dlffercnt from gcnerallzcd body movements which are also circadian but
of‘a much lower precision (Menaker‘}976). 'Thcreforc in Qrder t§ obfain .
more than just a supérficial undersganding:Sf the temporal patterniﬁ;b
" and eﬁtrainmcnt of the activity of fisﬁ it was considered necessary
to have some preliminary knowledge of the full bcth1oura1 repert01£e

Y

The dichotomy between the cues for timing the beginning and end

4

onset offset.

of activity led to bimodal and unimodal patterns in ¥ and ¥
B N '¢

respcctlvely These dlfferences in timing suggest. ‘that the coupled

osc1lkgtor model gf° c1rcad1an rhythms elucidated by Pittendrigh, (1974)

_“,b—-&'A
1

i k/_



is appropriate for doscribingvﬁhc basic locomotory rhythms of (.
plwnbeus and of fish. in ggncrnl.' It is conceivable that the beginning
and end of maximal activity are associated with sopurhtc populations
of oscillators th;t are synchronized with one of the two twilight
‘transitions. These éscillators are mutually synchronized in an
integrated circadian system.

Amalysis of dailly metabolic and morphological processcs in
plants and insects has shown that 'light-on' (dawn) and 'light-off'

(dusk) responses represent separate controls or oscillators within a

circadian system (Saunders 1973, Hamner and Hozhisaki 1974). /

Studies with vertebrates have also provided evidence for the

existence of at least two interacting oscillators in circadian systems.

Under extended constant conditions (100-200 days), at supposedly

steady-state period values, free-running rhythms of mammals and birds

split into two separate uncoupled activ;¥y components (loffmann 1971;

~

Gwinner, 1974).

In a hypothetical system of morning (dawn M) ahd evening (dusk
N} linked osc111ators with FI Tsystem TN ' 4 he beglnnlng of act1v1ty
would be synchronized by dawn and the endﬂ§y lusk (Pittendrigh 1974)

The overall pattern is determined by the dominant oscillator, usually

that of the more’pregisé M for diurnal animals (T >°4 hrs) and N for

. 3
K ;

nocturnal animals (TN<24 hrs). éoupling between the two oscillaﬁors
would restrict their phase values to a limited range of relationships.
Since the oscillators are dawn and duskucoupled, during the course of
the &ear as sunrise aﬁd éunset move apart, their phase relétionships

chang;\\ In order to maintain consistent entrainment mutual coupling

"



between the oscillators must counteract éxtcrnnl photoperiod changes.

Andreasson (1973) has explained seasonal inversions of activity
patterns Zf'urctic fishes on the basis of a coupled oscillator modei.
He proposed that weak synchrénizutiqnvat photoperiod extremes led to
an uncoupling-of oscillators. This was followed by a subscquent fib-
coupling in different phase relationships and an.ﬁltefntion of the
overall activity pattern.

Pittendrigh and Daan (197Ga,b,c) have incorporated these
theoretical proposals into an interacting oscillator model of entrain-
ment. They suggested that asymmc;rié phase responses led to changes
in oscillator coupling strength and subsequent alterations iIn périod
length. However, this model as well as the,other theoretical descrip~
€§%ns of entrainment are based solely on the results obtained from
Lb_photopcriods. All madels énd theoretical deécriptions proposed to
daéc haye the aséumption thﬁt‘similar cues arc used for timing the

e
)

dircadian rhythms. The present results

beginning and end of entrainq@,
with twilight vitiated this assumption. The results obtained with

C. plumbeus do indicate, however, that the entrained state, which is

Pwilight influenc;l(n~dcpendent, is a major determinant of the
free-running period.

Examination of activity under photoperiods with and without dawn
\ .

(see Fig. 31) indicated that“@on and the beginning of activity

set ,
determined the basic characteristics of the overall entrained form.
‘Upon first examinati-n there appears to be a contradiction present:
¥onser» cued by twilight, has a bimodal annual pattern, while T and

bout lengths have a unimodal pattern consistent with seasonal changes
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in photopeviod duration. This implies that period and phase values,
for onset at least, are not related in a direct linecar manner. However,
£hc ﬁet relationship after oscillator interactions of the various
behavioural components could very well be linear. In an analysis of
the time course of entrainment, Kramm (1973, 1975) ind;cated that
thérc was a non-linear relationship between T, the entrained period
and Y. lle suggcstcd‘that complete entrainment is a unique phenomenon
that is rarely attained. lather, a limit cycle around a steady-state
5

value is obtained. The net result could involve a utilization of
proportional and differential cues, whosé interactions, dircctly or
indircctly, lead to linear variations in Tau.

A circannual modification of the oscillator model has been
proposed (Gwinner 1975). One oscillator was suppbsed to be related
to the 24 hr Zeitgeber, primarily non-paraﬁefric in action, and the
other under the control of seasonal factors. Thesc were postulated to
result in.an endogenous annual pattern. !

Ashan (1966a,b) has shown what he termed 'endogenous' annual
changes in testicular and to a lesser‘degree ovarian activity of C.
pluwnbeus. Menaker (1974), as discussed earlier, peints out liabilities-
of assuming that so-called endogenbdsvannual rhythms are fdné%ibnal
eduivalents of circadian cycles. He suggesfé that annual changes in
daily rhythms can be broken down int§ environmentally induced vari-
ations. ExogenousﬁStimuli, either physical or biological in origin,

may systematically alter the repetitive patterns of photopériodically

induced entrainment.
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Ashan (19663)‘3150 showed that testicular development was primarily
cued by temperature, with photoperiod ucting only as an ancillary
factor., In the presqnt}cxpc;imcnts‘iQCHtical annual tompc;nture cycles

A -
were cmployed with LD and ID+t. In all likelihood the temperature
cycles induced similar levels of gonadal development and gonudofrophin
activity. This suggests that annual patterns of gonadal development
and hormonal activity were not, by themselves, “the immediate cause of
scasonal variations in the activit; parameters of chub. flowever, there
is an incrcasing amount of evidence ‘indicating that hormgncs have a
regulatory acfion in vertebrate circadian systems. Testosterone and
estradiol have been.shown to shorten the period length of, and induce
phase shifts in, circadian Qheel running activity of hamsters
(Pittcndrigh and Daan 1976a; Morin et al. l977b). It is possible thﬁt
for C. pZumbcus the attainment of a precise Y relationship under
twilight cues 1eads‘to a detectable expression of hormonally ind -ed
oscillator ihteractionst 1t is conceivable that if a single behavioural
parameter were éxamined, its tau values might show some annual .fluctu-

. \

ations under LD photdpcriods However, since the 1ocomotory activity
of fishes is made up of a number of behaviours it is highly likely that

complete synchrony fs necessary before any seasonal varlqtlons in mean

tau values becomc eV1dent s
Wy

»

Under twilight entrainment short-term activity components or.
'bouts' displayed seasonal variations in their distribution and
parameters (Appendix ITI). Annual variations in bout length may be

consldered as either the direct or indirect results of seasonal changes

in hormonal levels. Results from studies of behavioural sequences and



162

composition of the activity of cichlids suggest that changes in hormonal
levels could lead to long-term alterations in stochastic, behavioural
characteristics (Heiligenberg 1973; 1974; Metz 1974). These modifica-
tions would Bc dcmongtrated as changes in the behavioural make-up of
ecach 'bout' and the overall 'bout' durations and distributions (sce
Appendix I11). However,.complng expression of sub-component distribu-
tion probably requires concurrent changes in the circadian oscillator

>
system and indirecctly phétopqriodic entrainment.

Thus three general conclusions cmcrgg.from the results of this
investigation:

1) twilights of both dawyn and dusk are necessary constituents
of the photoperiod for the full expression of seasonal variations in
activity rhyﬁhms and their various parameters, spcviFically entrainment
phase rclations and the free-Tunning period;

2) specific components of twilights (dawn primarily in this casé),
such as rates of change of spectral energy, rather than absolute light
levels are utilized as cues for the timing or phas}ﬂg of activity, and

3) it is necessary to reappr&ise any proposed mccﬁanism for the
confrol of seasonal changes in photoperiodic éntruinmént and tau values
in which seasonal changes in twilight or its constituents have been

overlooked. e
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J

CHARACTtRISTICS OF COLLECTING AREAS

The North Saskatchewan is a larpe northeyn river 50-60 m wide with
LT RN ‘
4" mean*¥epth of IM, located in a glacial drift valley. It is charac-

terized by steep banks at the outside of turns and gravel plains inside.

N

The latter werc present in-the collecting arcas. Whitemud is a-
relatively turbid creek that flows into the North Saskatchewan depositing

mud and silt. Specific limnological features of the river and environs

~re discussed by Paterson (1966). Physical and chemical parametcfé,

vegetation and invertebrate composition present Juring the collecting
times (1974, 1975, 1976) are available (unpublished records, University

of Alberta). Sample records of seasonal variations in ‘water tempera-
ture, turbidity, and oxygen levels are shown in Figure 1. Total
numbers and rclative species composition of fishés' ubtained at the

“collecting periods are listed in Table 1.

»




Mcah monthly water temperature (°C turbidity (Jackson
Y ] s ity

Turbidity Units), and dissoivqg oxygen levels (ppm) at

‘the collecting sites in the North Saskatchewan River

during 1976. All values were obtained from a-depth o{\

i

hY il
10-15 cm. ' )
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Table 1.

COLE HUMLER

Al
A2
A

. A
*AS5
Y
A7
Ag
479
ALD

p1-a%

¥ B5-810
Bl11-B1S
B16-12Q
B21-B25
R26-B30
B31-B36

BA0-D4S
B46-1B59
BS1-B55
BS6-B60
B61-D65

B66-B70

B71-B7S
B?76-BY0
#DB1-BY0

B101
B102
B103
B104
B10S
B106
plo?
B108
#8109
B110
B111
Bl12
B113
B114
5115°
B116
B117
B118
119
B120
B121

B104
B10S
Bl0?7
B103
B109
B110 |
Blil -
Bl12
#3113
B115S
B127
B1J1
B132
B133
B134

Couesius plwmbeus used in

SEX4

M O XXMMNE NEX T mm x ™

E4

XmMI™Mx:

XXETMmx

TXNMEX mMIzmIZmMIwxzm oz METIMI EMIMELY XX

Aot

i

f0
2+
s
1+
2+

1+ -

I+

L2

1+
4+

1+

2+

3+
1
24
3+
24

2+
2+
24+
1+
2+
3+
1+
2+
3+

24+
3+
1+
2+

1+

2+
1+
2+
3+
2+

1+
2+

2+
1+
2+
3+

* Fish died during
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experimental procedures,

CAFTURE LATE \\ LALBGEA R PEOCELUKES 'REFSRINENTAL MANTIPULATIONS

CROTLPERLOD

1474
1974,
.
'

1974
1974

.

1974

1974,1975*

1976
1976

1974

1974,
»

course of experinent

and resuvlts were

T

not used

Lc, bo .
LD, DD )
LDZDD Prelirinary procedures;
LD,'DD .\ A .
Lo LL g?nan-trJtlon cf diel activity,
o LL FRP,and c¢ntroarrent by LD
LD, LL
LD, DD ’
LD, DD
LD, DD
Natural Beraviour and activity
outdoor suhi-coTponent deterrinaticna
T 'nred and irrediately
sserved :
: Yy [
-Natural Pehavicas d activity
outdoor sub—co- At determirat ions
’ . v . wured and maintained
LU V0rs
LD Phase
LD+t,DD Phase, FRP
LD Phase
LD,DD « Phase, FRP .
LD+t Phase
LD Phase
LD Phase
LD+ Phase Phase relaticnships,
Lb - "FRP,activity sub-co
LD+t . Phase FRP, act Y s mponents,
LD+t,CD Prhase, FRP catermined over 1?74
LD Phase seafonal photoperiod cycle
LD+t,DD - Phase, FRP
LD Phase
" LD+t,DD Phase, FRP
LD+t Phase
LD+t, DD Phase, FAP
LD+t Phase
LD - 4
Lo+t Phase o !
Lo+t ,DD Phase, FRP
LD+t
.
.
.
L]
: Fish captured, vlaced -
. under srascnilly acoropriate
. LD+t photorersacds and their
. phase relationships were
. o . deterrined
.
v
LD+t ¢
o~



Table 1 (Cont'd).

COLE

©

NMSER

B13S
B13%6
B1213
B139
Bl1l
2142
Bld7
Bls2
B153
B154
B15s
B156

(o3

c?

cl2
cls
cl8
Cc22
c27
c29
c32
[o£1:}
c40
cal

cSs
c8
c9
clée
c23
c2s
c2g
C30
cli3
c34
Cc35
(o 1

cl
c2
c3
c4
cla

‘C11

c17
cl9
c20
c21

€26

c3l
ci?
c39
ci0

Cci2
ci6
ci3
ci9
cs51

Sk

‘wmx

MINMX™M ZTXMXN XWIXMZN TN E X XMXZXNW XZXMI XMINZIN N XNI ™mMINXI™MIX

hoE
yrs

3
2+
2e
1+
le
l1a
2+
3+
3+
2+
2+
2+

3
2+
2+
3+
2+
3+
248
2+
2+
2+
2+

.

CAPTUME DATE

1974

N e s e e s e

-
-]
L

197%
*

Noe v e e e

197s

y ' 182

A
LFRLPATLPYE PROCEUUKES,) EXL? IMENTAL MAN LI'ULATIONS
P1.TOPERIOD

Do
.
.
. '
.
. Fish captured and i-~edfately
‘ placed urldac LD for determination
M of thcir FRP values. Annual
* cycle of natural ph 'operiod
¢ expmined
*
oD
LD+t ,DD
.
. -
.
.
. .
. Fish kent under seasonally
. approcriate LD+t photoperiods
N Prase relaetionshsps, tehaviour
. and FR?2 under DD were determined
.
LD+t , DD
LD, DD :
L]
. .
~ Fish kept under scasonally
. approcriate LD photcereriods.
. fhase relationships,behaviour, .
. and FR? under DD were detecrmined
> 4 .
.
* 1
LD,DD
LD+t
.
L]
‘.
) Fish captured and ir~<diately
. placgd under LD+t for phase
. reldticnship determinations
L '
L)
LD+t
DD ¢
gg Fish captured and irrediately
oo - placed, under DD.for FRP
. detecrminations.
o0, . s-
LD :
ig . Spectral thresholds and
Y sensitivities dcterrmined
LD

. (Contrd)



Table 1 (Cont'd).

CODE NUMBER

0y

D2
DS
D6
D8
D9
D11l
D13
Dl4
bls
D17
D18
D20

‘D)

D4

D?

plo
D12
bie
D19
D22
b23
D24
b2s
D28

D29
D30
D31
D34

E3
E4
ES
E6 "

E9

El12
E13
El4
El6

ElO
Ell
ElS
E1?
El9
E20

L2

E25
E27
E28
E3O
E31

SEX
yrs

r
M
F
M
r
M
4
M
F
) 4
M
r
M
F
M
¥
M

r
M
M
M
| 4
H
M
M
1 4
r
M
r
M
F
M
P
F
MY
P
M
F
M
4
F
M
| 4
F
r

AGE

2+
2¢
2+
3
1
4+
3+
2+
3+
1+
2+

CAVTURE DATE

197

T T e e 6w oe o

1976
1976

1976
1976
L]

1976

1976

LD+t,DD

LD+t
LD+t
LD+t
LD+t

LD+t
LD+t
LD+t
LD+t
LD+t

LD, DD
Lb,pD
LD, OD
LD, DD .
LD, DD
LD,DD
LD,DD

LL
LL

.""k, ‘\\1 8[3

LATOPATOIY PRCCELUKES,EXFERIMINTAL MANI PULATIONS
FLICTOPERIOD '

'

Fish were captured and placed
under sedscnally agprosriate
LD+t protoperiods, fhase relationships

Eeraviour grd FR? under LD wera
determined

Fish -were captured and placed

uncer fedzonally argropriate | .
"D photorericdi.phice relytionshipa
wechaviour aprg FRP- under DD were
determined -

Fish were captured and
‘drediately placed under pp
for FR? cdeterminaticns, and
activity sub-corponents

b
Dusk was reroved from LD+t

Dawn was reroved from LD+t

Affect of LL on tha FRp
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ANALYS1S OF THE

If swimming behaviour or activity can be described as

stochasrlc (random- dvc1s1on) process,

f10quoncy~dur

ation distribution should occur as

SUB-COMPONENT OF LOCOMOTORY ACTIVITY

a simple

then locomotion and jts

a random enscmble

A mathematical description for a completely random series of cvents

is a Poisson

3

In wndertaking any stochastic

distribution, represented by an exponential curve,

’

analysis of bchaviour sequences,

2 preliminary step is to test for the goodness of fit of the interval

- B { . .
distributidns to an exponential distribution (Van der Kloot

1974). A number of statistic
goodness of fit of data sets to emp111ca1 d

The main one uscd in this study was Durbln s method  (Lewi

p

and Morse.

al methods can be used to test for the -
*strlbut1on fu“ctlons

is 1965),

Durbin's method:‘ This test is powerful in-distinguishing between

an exponential (random

alternative distribution functions. -

.

affected by non-stationarity in the original time—serics,

arity is indi

- " )
) and any number of vaguely specified non-random

It is the test thit 1s least

N

Non-station-

cated.by the.trends present in the original time series

-

and autocorrelation transforms before linearization,. Durbin's method

employs a transformation Jof the original time series.

Tlne intervals

185

factivity duxatlons) from the frequency hlstoprams are arran

N

ascending order:

it

1

1
1

To_ [x1+ x2+...7....(n+2 - 1}9

1,2,........n
total time of the set

transformed values used fcr analysis. |

X 'xz...,.... x, and then transformcd by .

ged in
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. . ’
The transformed sct Ui is graphed against 1/n giving a survivor-

/

ship plot. If the original distr{bution is exponential, a straight
line with a slope of 1 is gencrﬁtcd; .Thc goodness of the data set fit ;
to the pﬁcdictcd line for an.exponcnfinl proéoss (Poisson) is estimated
. by .the kolmogoxoff Smirnov test using the DN statistic- (onal and
Rohlf 1069) . The results of the tests are listed in Table 1,
An Ln-survivor curve was obta}ch by arranging }ehavioural

' A .
(activity dwation) events in an ascending series: Xq<Xgueiaii<x

_ n
as a function of i,
where 'xi.......xn are intcrvallsizes with n being maximum ﬁ
1=1,.......n
N = number of frequéncy banqs in & certain class,
' For a Poisson prediction; the‘Ln-sufyivor curve is a straight‘ e
line of slopc 1, with an intercept O. The degx e of data dev1at10n
from the line provides an indication of dcxlatlon from a random form
and allows comparisons between different data sets. © R

The results from Durbzn's "test (Table 1) and Ln-survivor curves

(F1g 1) reveal that the dlstrlbutlon Hlstograms for act1v1ty entrained

- g

by LD+t, LD and to a certain extent from DD (rhythmic portions)
__ﬁ_difibrsﬁéignificantly from a Poisson distribution.
The general type of theoretical distribution most similar in

appearance to these histograms is a Gamma (y) distribution. This is

. v

& continuous 2-parameter function of the following form (Lewis 1965):

F(x) = 1 .
where F(x) = y distribution *
o = skewing factor ﬁiﬂiakgl; if o = 0, an exponential

function is formed
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B = sculiug factor with 8>0'0"
o aB = mode_
[ = Gamma (y) function
-X

. ’ . O -
v . = [ x Ve™ ax

*n = interval class , ‘ L ‘

-
.
1

‘component of the serlcs.

)

The Camma ftnctlon can be con<1dercd as an-exponential function

v

erdCIud nanflandom by a deterministic component,

The oéfcrved d15tr1but10n< (Fig, 1)'wefe not significantly

L -

differeit from the theorctical Gamma- forms at the 5 pcr cent leved:
& - %

(Kolmogoroff-Smirnov test), Max1mum llkellhood estimates for & and B8

Y

in the Gamma distributions afe»provided by Johnson and Kotz (19703.

Expected values were found by using Pearson's (1922) tabulation of

/ : ‘ - S

incomplete Gamma functions. The exact fittin distributions are
P g

.

described by Lewis (1965). Distribution values for dlchrent photo-
periodic histories' are. .listed in Flgure 1,
ﬁ@sults activity under ph&topepiods with twilights (LD+t)

Under simulated nafuralrphotoperiods_and twilight lighting
combinations (LD+t) there are-seasonal (annual) changes in the total
‘amount of, duration, and distribution of chub locomotory activity °

bouts,’ Represgntative frequency histograms and Ln—survivor curves
are shown in Fig. 1. Alterationi are shown as differences in the
shape of }he Lnniuryivor curve and in the value of tﬁe 8 term in the
frequency distribr ion.' Beta (B)/as a functlon of the duration of

the durati:zj?f the mean act1v1ty burst whlle alpha (a) is a scaling

factor that varies with group size and amplitude of motion. Seasonal
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[
LN

. L]
changes in water temperature affect a rather than 8.
During winter (Nov-Mar) the ! _agth of the average activity bout

is .horter than, and the total percentage ¢ gctivity is reduced as

N

compared to, the summer activity components (Fig. 1)}. At phrtoperiod

extremes (summer, winter solstices) the total amount and durations of

- . o . ” N
activity approach an inflection point. : :

~Activity under light-dark (LD) cycles
The frequency distributions of activity bouts obtained under

on-off LD cycles (excluding twilights) arc shown in Figure 1. These

-

v
sub-components distributions more closely approximate cxponential

forms than those rccorded under LD+t. The Ln-survivor curve is closer

'
B

to lipearity, but is still significantly different from a random state

" (Table 1). A distribution with a lower B value and a broad mode af

- - ‘i\
s obtained.

<

Under LD+t, twilight entrainment, there was a signiflicant annual

e

pattern or cycle in mean bout length. No sig:}ficant differences were

evident from LD conditions. : : .



Fig.

¢

Frequency-distribution histograms and Ln-survivor curves

of Couesius plumbeus locomotory activity bouts. The e

. . . i . A\ - .
experimental conditions for each. set of ‘histograms are as '

i

. '-‘:7.\_‘-\,', i

. o ‘ . 7 ;
foligws: PR - o A
2 : ' ,:“w;=\\§§§
: SO i
. ‘ »oDistribution of

Photoperiod  Time ofiyeﬁf;-'J f\ﬁﬁéracteristics
. , . S TN Y .
« e
A LD+t summer (Muy:égpt) gamma; 0=.59, B=3
B LD+t : winter‘Tch—Feﬁj gamma; a=.38, £=2.1
C 1D winter (Oct-Feb) gamma ; a=,58, B=1.2
D DD 4 circadiﬁn'portﬁon gamma; o=.24, B=.42,
E DD arrythmic portion exponential

v N . .

t

Each histogram and Ln-survivor curve is based on the

activity of 10 lake chub over 3 days.
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N 1 50 :
50 A LD+t winter , 1 B LD+t summer
] 301

0 1 2
N & B ;
®
g 50] C ' - 30] D op rhythmic
O ~ ‘ _ ‘
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O 30;
*‘ -
=
)
0 10
o — , —, , —
a. - - 1 2 3 1 2 3
50] E bp arrythmic >
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H : -
| 2 3
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Fig. 2,

O

Seasonal variatjons in the mean activit -bout lengths of
£§ Y g

Couesius plunbeus. Vertical lines represent one standard

error.

represents LD+t entrainment (n=2&); —————

represents LD',«ﬁntrainment (n=21). - ‘

e
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- INEFFECTIVENESS OF TEMPERATURE CYCLES AS ZEITGEBERS

Temperature cycles have been shown to act as entraining stimuli
for poikiiothcrms (Schqusman 1971a). Therefore 1t was necessary to
establish that the activity of fishes was not entrained by temperature
cycles éssociated with either water iﬁflow or heating effects.of the -
lights, The’geﬁeral methods and materials section describes two
methods used to reduce Ecmperature flﬁctuations; air cooling of lights
and a Tegulator to cont1ol water inflow tcmperatures Thosc'proccdures
cffoctlvcl\ climinated any regular temperature cycles. Occasional
temperature fluctuations (#2 °C) caused by aquaria malfunctlons were
unavoidable. . These changes altered the amplitude of activity rather
than the period. i |

Conclusive evidence that temperature cycles wcré not entraining

\
fishbactivity was obtained in the following experiments (sce Fig. 16CJy. -

Chub were kept under DD and constant water temperature until an appar:
ently arrythmic state was reached. Then a 12:12 (hrs) temperature
cycle (12°C:16°C) was introduéed for several pqviwd;. - No indicgfion
of periodicity was apparent in the spectra or periédograms anaﬂyses.
Replicates (4) of temperature cycles were examined at different times
of fhe year. .There was no indication of induced periodicity in any
of the act1v1ty records. A 4°C range was used because that was the
maximum mean daily fluctuatlon that flSh were exposed to in the tank.
An example of the results obtained with a single fish are shown in
Figure l;i The ‘procedures were repeéted with 10 different lake chub
throughout the year. Similar results to the one'indicated were

obtained at all times.



Fig. 1, Locomotory activity of a single Couesius plumbeus under

a 12:12 1D photoperiod followed by constant darkness

and then by 12:12 (hr) 12°c:16°C temperature cYéle.

N
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C1=C3=
Co=Cy=
D=
Li= .
.
R,=
Ry
Rj3=
Ry=Rg=Rg=
Rs=R7=Rg=
Rioe=
Ry1=Rje=
R12=R;3=Ryy=
Ris=Ry7=
Ri1g=Rig=
Si=
S2=83=Sy="
Th1=Th,=
TRy =
TRy=
Z1=Z,=

f-\

COMPONENTS OF THE DIMMING CIRCUIT

0.1 ufd, 250V

0.1 pfd, 50v

IN758

150 watt
68002, 1 watt
51082, 2 watt

5K

150 KQ, 1 watt

1200
470Q )
© 22K, 0.5 watt
\
1708, 0.5 watt

6702, 1 watt
18082, 1 watt
120 v
60 V

6RS56P8S

- 2N1047

2N548

1M207S



